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Nano-Scale Contact In The Presence Of Tribopolymers
Abstract
The properties of contacting interfaces are strongly affected by the bulk and surface properties of
contacting materials, and the ubiquitous presence of adsorbed contaminants. We focus on the properties
of single asperity contacts in the presence of adsorbates within a molecular dynamics description. A
platinum-platinum asperity contact is modeled with adsorbed oligomers with variable properties. This
system is particularly tailored to the context of nano-electro-mechanical system (NEMS) contact
switches, but the results are generally relevant to metal-metal asperity contacts in non-pristine conditions.
Even though mechanical forces can displace adsorbate out of the contact region, increasing adsorbate
layer thickness and/or adsorbate/metal adhesion makes it more difficult for metal asperity/surface
contact to occur, thereby lowering the electrical contact conductance. Contact separation is a
competition between plastic necking and decohesion. The mechanism which operates at a lower tensile
stress dominates. Necking dominates when the adsorbate/metal adhesion is strong and/or the
adsorbate layer thickness is small. In broad terms, necking implies larger asperity deformation and
mechanical work, as compared with decohesion. Optimal NEMS switch performance requires substantial
contact conductance and minimal asperity deformation; these results indicate that these goals can be
achieved by balancing the quantity of adsorbates and their adhesion to the metal surface.
As the number of contact cycle increases, the system settles into a steady-state where the morphologies,
Pt/Pt contact area and deformation stabilize. The stress generated during asperity contact increases the
rate of reactions amongst adsorbates in contact region. This leads to an increase in the size of adsorbate
molecules, and thus more exposed metal. This implies higher electrical conductance in closed contact,
but more plastic deformation and mechanical work expended in each cycle. This implies that mechanochemistry is important in the formation/structure of tribopolymers formed in multi-cycle contacts in
NEMS switches. The evolution of asperity contacts in environment containing gaseous species that form
tribopolymers is controlled by device operation conditions, gas composition, and fundamental reaction
rates that describe adsorption of species from gas onto metal and adsorbate surfaces and reactions
between adsorbates. This provides guidance for thinking about the complex interactions that control the
long-term performance of NEMS switches.
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ABSTRACT
NANO-SCALE CONTACT IN THE PRESENCE OF TRIBOPOLYMERS
Fan Yang
David J. Srolovitz

The properties of contacting interfaces are strongly affected by the bulk and
surface properties of contacting materials, and the ubiquitous presence of adsorbed
contaminants. We focus on the properties of single asperity contacts in the presence of
adsorbates within a molecular dynamics description. A platinum-platinum asperity contact
is modeled with adsorbed oligomers with variable properties. This system is particularly
tailored to the context of nano-electro-mechanical system (NEMS) contact switches, but
the results are generally relevant to metal-metal asperity contacts in non-pristine
conditions.
Even though mechanical forces can displace adsorbate out of the contact region,
increasing adsorbate layer thickness and/or adsorbate/metal adhesion makes it more
difficult for metal asperity/surface contact to occur, thereby lowering the electrical contact
conductance. Contact separation is a competition between plastic necking and
decohesion. The mechanism which operates at a lower tensile stress dominates. Necking
dominates when the adsorbate/metal adhesion is strong and/or the adsorbate layer
thickness is small. In broad terms, necking implies larger asperity deformation and
mechanical work, as compared with decohesion. Optimal NEMS switch performance
requires substantial contact conductance and minimal asperity deformation; these results
indicate that these goals can be achieved by balancing the quantity of adsorbates and
their adhesion to the metal surface.
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As the number of contact cycle increases, the system settles into a steady-state
where the morphologies, Pt/Pt contact area and deformation stabilize. The stress
generated during asperity contact increases the rate of reactions amongst adsorbates in
contact region. This leads to an increase in the size of adsorbate molecules, and thus
more exposed metal. This implies higher electrical conductance in closed contact, but
more plastic deformation and mechanical work expended in each cycle. This implies that
mechano-chemistry is important in the formation/structure of tribopolymers formed in
multi-cycle contacts in NEMS switches. The evolution of asperity contacts in environment
containing gaseous species that form tribopolymers is controlled by device operation
conditions, gas composition, and fundamental reaction rates that describe adsorption of
species from gas onto metal and adsorbate surfaces and reactions between adsorbates.
This provides guidance for thinking about the complex interactions that control the longterm performance of NEMS switches.
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CHAPTER 1: INTRODUCTION

1.1 Motivation
When two surfaces are brought into contact, the interface that is formed is rarely
ideal (i.e., a perfect, atomically flat surface of one material abutting a similar surface of the
other). The deviations from ideality have several origins, including that the two contacting
surfaces are rarely (1) atomically flat or (2) clean, and (3) the forces generated during the
contact of non-flat, non-pristine surfaces commonly lead to inelastic deformation. While
contact between surfaces and the resulting deformation1-3 have been widely studied,4 the
effects of adsorbed contaminants such as hydrocarbon species (often referred to as
“adventitious carbon”) on contacts have received relatively little systematic attention. Yet,
adsorbates at interfaces are ubiquitous: even under high vacuum conditions (e.g., ca.
10-4 Pa), at room temperature a monolayer of adsorbates from the residual gases can form
in as little as one second.5 The effects of adsorbates on interfaces can be profound,
strongly affecting interfacial adhesion6 and friction.7-9 Adsorbates can affect transport
along and across interfaces - electrical conductance, 10-11 diffusion,12 heat conduction13 and
the magnetic,14 electronic,15 and optical16 response of interfaces. The distribution of
adsorbates at interfaces can be in equilibrium with respect to the bulk materials,17 but are
also commonly inherited from the adsorbates present at surfaces prior to contact/interface
formation. On the other hand, the mechanical stress generated by forcing two surfaces
into contact can modify these contaminants (a mechano-chemistry effect that can enhance
chemical reactions), further changing contact properties.
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One application in which adsorbates at internal interfaces are particularly
deleterious is in electromechanical switches. Electromechanical switches generically
operate by mechanically pushing two surfaces into contact to close an electrical circuit,
and pulling the surfaces apart to open it. Such switches are of interest for scales ranging
from the macro-18 to micro-10,19-25 and, more recently, nano-scales.26-32 During the
operational life, most electro-mechanical switches undergo a large number of
opening/closing cycles. Since the opening and closing of such contacts occurs repeatedly,
the effects of adsorbates are compounded and dynamic. Experiments5 have shown that
monolayer levels of adsorbates can form on a metal surface from residual gas even under
high vacuum conditions. Interestingly, the accompanying mechanical and/or electrical
stressing of the system commonly leads to (1) reactions between adsorbates that may
change the chemical structure of the adsorbates and (2) reactions between adsorbates
and the gas (including physi- and/or chemisorption) which increase adsorbate film
thickness.18-20,33 The resulting “tribopolymer” films often prevent the closing of the electrical
circuit, leading to switch failure.
Nano-electro-mechanical systems (NEMS) are of particular interest not only
because their small size and energy efficiency make them appealing substitutes for
semiconductor transistors in many applications, but also because the contacts in such
switches operate based on the contact of a single or a small number of asperities. In
transistor applications, NEMS devices28,34-37 can reduce energy consumption by at least
three orders of magnitude compared with field-effect transistors (FETs).34,37 Despite this
significant advantage, NEMS are not sufficiently reliable for most applications (where 10 15
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open/close cycles are desirable). Such failures are commonly the result of tribopolymer
formation.10,26

1.2 Research Methods and Objectives
In macro-scale devices, contact behavior is largely controlled by the distribution of
the surface roughness,4 while in NEMS, contact behavior is dominated by just a few
asperities. While elastic contact of individual asperities is commonly described via
continuum approaches,2-4 plastic deformation is not easily accounted for on the nanoscale. This is because plasticity at this scale differs greatly from that on larger scales.
However, scanning probe microscopy and atomistic simulation approaches can directly
access such scales.38-47 Moreover, single asperity contacts are the fundamental elements
of contact mechanics, and an understanding of their behavior is essential for developing
reliable models of multi-asperity interfaces. A large number of atomistic simulations of
single asperity contacts, especially for metal/metal contacts without adsorbates have been
performed via molecular dynamics (MD).
In this work, we start by focusing on the effects of adsorbates on nano-scale, single
asperity contacts as a function of adsorbate properties. In particular, we perform MD
simulations of single asperity Pt/Pt contacts with and without intervening oligomer
adsorbates. Platinum was chosen because it is widely used in electrical contacts including
NEMS devices, and because tribopolymers have been observed to form on Pt during
electro-mechanical systems operation.10,19,26,35-37 As discussed above, tribopolymer
formation occurs in many environments, and the composition and structure of
tribopolymers are generally unknown. We therefore employ an empirical, coarse-grained
3

model of adsorbates for which the properties may be continuously varied. Such oligomers
are believed to be one type of precursor adsorbate for tribopolymer formation. 18,20,24-25 We
vary the thickness of the adsorbate layer, the magnitude of the adhesion between Pt and
the adsorbates, as well as the molecule-molecule cohesion. We focus on the effects of
these properties on the expected electrical conductance, and on the mechanical work and
morphology evolution of the contacts during a single contact cycle. Of course, MD
simulations cannot approach the ~1015 contact cycles desired in operating NEMS switches.
Therefore, the main goal is to identify possible mechanisms by which adsorbates can
modify contact behavior and how adsorbate properties influence these. Hence, the most
appropriate validation will be through atomic force microscopy (AFM) single asperity
contact experiments and qualitative trends in metal electrode degradation mechanisms
rather than NEMS switch behavior per se. We use our results to understand which
adsorbate properties are advantageous and detrimental in the contact process. To
successfully design NEMS contact switches, the present results should be coupled to a
mechano-chemical analysis of the factors that affect the growth rate and type of
adsorbate/contaminant films.
Following this, we extend to examine how reactions between adsorbates modify
contact behavior. MD simulations of multi-cycle, single-asperity Pt/Pt contacts with
adsorbates of different thickness with or without reactions are performed. We vary the
adsorbate layer thickness and molecule structure respectively to understand their effects
on electrical conductance, asperity morphology deformation and evolution in ten contact
cycles. Our main focus is to examine the effect of the mechano-chemistry accompanying
asperity contact on tribopolymer formation and growth, and its impact on contact behavior.
4

This study provides new insights that will aid the design of NEMS devices and the
conditions under which they operate. It is directly applicable to NEMS device design for
metal contacts in the non-pristine conditions, which are applicable to most laboratory
experiments and engineering applications.

1.3 Dissertation Outline
In Chapter 2, the topics related to this study are reviewed, including the
experimental, simulation and theoretic studies of contacts without adsorbates, the
experimental evidence of tribopolymers formation in electromechanical switches and their
effect on contact, and atomistic simulation studies of contact with adsorbates. In Chapter
3, the effects of adsorbate properties on single-cycle contact are studied and discussed.
The content of this chapter has been published in 48. In Chapter 4, the effects of adsorbate
growth on multi-cycle contact are discussed. In Chapter 5, the general conclusion of this
study is discussed, and some future works are proposed as a closure.
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CHAPTER 2: BACKGROUND
2.1 Contacts without Adsorbates
The contacts between two surfaces have been widely studied at macroscopic
scales and microscopic scales due to their prevalent existence in mechanical systems.1-3
In particular, mechanical contacts strongly affect the operation and failure of Micro-ElectroMechanical Systems (MEMS) and are thus of great research interest.
In the past decades, Atomic Force Microscope (AFM) and relevant scanning
probes have been developed and utilized to study mechanical contacts at nanoscale,4-5
which is a huge impetus to the study of contact. In an AFM experiment, a tip with a radius
of about 2 to 100 nm is brought into contact with a flat substrate or is slid on the substrate
to study friction. Nevertheless, although AFM-related experiments provided a large
number of results valuable to the research on contacts in MEMS devices, some intrinsic
parameters could not be tested in them to reveal the mechanisms of asperity contacts.
In 1881, Hertz first proposed a continuum model for the single asperity contact
between two elastic, non-adhesive spheres without friction.6 Though this theory is too
idealized when compared with the mechanical contact in reality, it reveals some key
features in the mechanisms of contact, and a number of simulations were conducted to
compare results with Hertz theory.7-9
Johnson, Kendall and Roberts further modified the Hertz theory to take into
account the short-range adhesive interactions between two surfaces in their JKR theory. 10
On the other hand, the Derjaguin-Muller-Toporov (DMT) model11 accounted for the longrange Van der Waals interactions between surfaces in contacts, removing the stress
singularity at the edge of contact. The JKR and DMT theories can describe contacts
11

between elastic bodies of different properties: the JKR model can be applicable to contacts
with strong adhesion between bodies of low elastic modulus, and the DMT model applies
to contacts with weak adhesion between high modulus bodies.
Many electromechanical devices (including micro-electro-mechanical system
(MEMS) and NEMS) are designed to function based on small-scale contacts. While the
contact surfaces in these systems are of certain roughness, the initial stage of contacts
takes place between asperities of micro- or even nano-scopic dimensions and it has been
shown that its fundamental nature is determined by the scale of the smallest asperity.12-13
While elastic contact of asperities is commonly described via the continuum
approaches,6,10,14 plastic deformation is not easily accounted for on the nano-scale. This
is because plasticity at this scale is largely controlled by localized deformation events,
differing greatly from that on larger scales.15-16 However, scanning probe microscopy and
atomistic simulation approaches can directly access such scales. 1,9,17-24 Moreover, single
asperity contacts are the fundamental elements of contact mechanics, and an
understanding of their behavior is essential for developing reliable models of multi-asperity
interfaces.
A large number of atomistic simulations of single asperity contacts, especially for
metal/metal contacts without adsorbates have been performed via molecular dynamics
(MD). In most such studies as well as in atomic force microscopy experiments, a flat
surface was brought into contact with hemispherical asperities of radii in the 2-30 nm
range.1,9,17-27 The interatomic potentials in these simulations vary among Embeded Atomic
Method potentials, Lennard-Jones potentials, et al. based on the materials studied in the
contact systems. The results of these modeling works are usually compared with the
continuum theories in contact mechanics. It has been shown that the force-displacement
12

relations for non-adhesive contacts are well described by the Hertz theory6 in the elastic
regime.7,9 For adhesive contacts, the JKR theory28 is applicable for elastic deformation
that takes place when the two surfaces are brought away from each other.1 These studies
have, in general, confirmed the applicability of continuum elastic single asperity theory
provided that the deformation is sufficiently small that plastic deformation does not occur.
However, localized plastic deformation via dislocation motion is often observed at larger
contact forces.

2.2 Electro-mechanical System Switches
Field Effect Transistors (FET) are widely used in all kinds of electronic devices
nowadays in our daily life. While these transistors made from Complementary Metal Oxide
Semiconductors (CMOS) rapidly decrease in sizes and increase in performances, their
power consumptions surge as well. When the sizes of CMOS transistors become smaller
than 28 nm, the energy wasted through the leakage power consumption is larger than the
energy actually needed through the dynamic power consumption. 29 Therefore, a major
issue with the CMOS FET nowadays is the lack of energy efficiency.
Nano-Electro-Mechanical System (NEMS) switches are promising in addressing
this issue according to research in the past few years. 30-33 The structures of a typical
CMOS solid-state transistor and a NEMS switch are shown in Figure 1 (a) and (b). The
mechanical switch has the counterparts of the “source,” “gate” and “drain” needed for FET
functioning, and its speed can meet the requirements of computer logic. Both the solidstate switch and the mechanical switch control the electric current between source and
drain by the gate voltage. As is illustrated in Figure 2, ideally, we would like the sourcedrain current to be non-zero and constant when the gate voltage VG is positive and would
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like it to be zero when VG is negative. In reality, there is a non-zero leakage current at
negative gate voltage, and it causes the leakage power consumption. For a NEMS switch,
when the gate voltage is negative, a gap will open between the electrodes of source and
drain (see Figure 1(b)). This makes the leakage current of the mechanical switch much
lower than the one of the solid-state switch (see Figure 2). In addition, the positive gate
voltage required for a NEMS switch to close the gap and allow current to go through the
contacting surface is lower than the one required for the operation of a CMOS switch. Both
of these enable mechanical switches to decrease energy consumptions by at least three
orders of magnitude compared with solid-state switches.32-33 Therefore, NEMS switches
are the potential candidates for replacing or supplementing CMOS FET in the future.
Despite the advantages of NEMS relays, the limiting issue of its application at
present is reliability. To take the place of CMOS transistors, the NEMS devices are
expected to function for at least 1016 cycles of contact open and close. However, the
longest lifetime of current electro-mechanical system switches is only about 1012 cycles.3435

While the failure mechanisms have not been fully understood, the major failure mode of

NEMS relays is that an electrically insulating polymer called “tribopolymer” forms on the
contacting surfaces and largely decreases the contact conductance after cycles of
contacts.31,36
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Figure 1. Schematic structure of (a) a typical solid-state switch and (b) a typical
mechanical switch, with the comparison of counterparts that enable them to function as
field effect transistors.

Figure 2. Source-drain current vs. gate voltage of ideal switches (black line), NEMS
switches (blue) and CMOS switches (red).

The study on organic deposits on contact surfaces in electro-mechanical system
switches began with Hermance and Egan’s on macroscopic contact switches.37 In their
research, amorphous, brown/grey solid deposits of high molecular weight were observed
to form from organic vapor or liquid when being slid between metals including Pt, Pd, Ru,
Au, Ta, Rh, Mo and Cr. Only trace amount of organic vapor was required to produce visible
amount of deposit. Almost every class of organic compounds could be converted to
deposits on contact surfaces. Beyond these, the solid deposits formed from vapor also
lubricated the surfaces. Typical catalyst poison including carbon monoxide and metallic
additions or agents including benzoquinone and nitric oxide could not suppress the
formation of such deposits. Decreasing temperature also did not decrease the yield of the
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polymer. In general, Hermance and Egan suspected that the formation of organic deposits
was the result of direct chemisorption of organic vapor on contact surfaces. Rather, it was
the outcome of polymerization through the straining and deformation of molecules.
To protect metal contacts from organic contaminants, Reed switches were
developed where the contact surfaces were put in an environment of inert gas and
hermetically sealed in a glass tube.38 Since the contact switches are actuated by magnetic
fields, their operations are not influenced by external gas environment.
Studies on micro-scale electro-mechanical system (MEMS) switches emerged due
to their better integration compatibility with electronics and lower production costs than
macroscopic switches. Following a research on a silicon-based switch in 1979,39 multiple
MEMS switches have been reported based on various actuation methods 40-42 and
structural designs.43-45 The key attraction of these devices is low power consumption for
actuation, and their major applications are in telecommunications. 46 MEMS metalcontacting switches can function within a broad range of frequency.46 Contact materials
including Au,44 Ru,47 and AuNi547 have been used in such switches. Key properties
characterizing the performances of MEMS contact switches include electrical resistance
in “on” and “off” state and switch lifetime.46 Due to the different applications of switches,
cold-switched and hot-switched lifetimes are measured but should be distinguished. Coldswitching is where a switch functions without electrical current through the contact, while
there is an electrical current passing through the contact in hot-switching.46
Kam, et al.35 developed a model to predict the lifetime of a scaled MEMS switch
operating at 1V to be over 1015 cycles, based on welding-induced failure resulted from
Joule heating at the contact interface. They showed that contact materials, operating
voltage, contact resistance, load capacitance and logic style all determine the device
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lifetime. Newman, et al.34 developed MEMS cantilever contact switches with an average
lifetime of 430 billion cycles, with the longest one being 914 billion cycles. Sinha, et al.32
reported on the production of AlN piezoelectric MEMS switches that require low voltage
to operate.
The buildup of organic contaminants on contact surfaces in MEMS contact
switches has been studied by many researchers. Pt, Ru and Rh have been shown to be
susceptible to surface contamination, while alloys with high percentage of Au did not have
this effect under the same condition.48-49 MEMS switches with Au/Pt and Au/Ir contacts
were also shown to fail due to the accumulation of contaminants on contacts. 50 Heating
contacts externally or internally (through electric current) was shown to reduce electrical
resistance of contacts over hundreds of cycles.51 Jensen, et al.51 proposed that this was
because heating broke down insulating contaminant films, which was confirmed by Brown,
et al.52 Ref.

52

also showed that surface films could be mechanically removed and their

reformation was also retarded at low temperatures. Ultra-high vacuum environment has
been shown to be optimal for eliminating adsorbed contaminant film on contact surfaces,
but it leads to failure due to strong adhesion between Au/Au contact surfaces. 52 Dickrell,
et al.53 proposed that arcing during the hot-switching process decomposed surface
contaminants and transformed them into an insulating layer. They also developed a model
to predict contact area contamination when parallel discharge paths for stored electrical
energy in contact circuit was presented after 5~10 cycles. 54 Interestingly, Brand, et al.55
showed that applied electrical voltage caused an electrical breakdown of tribopolymer and
made it conductive. When oxygen was present or the contact surface was coated with
RuO2 rather than Pt, the accumulation rate of tribopolymer became smaller.
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Further decreasing the size of contact switches from MEMS to NEMS allows
researchers to find better alternatives to CMOS devices, but the key challenges of
applicability of NEMS contact switches in daily life are their manufacturing scalability and
operational reliability.36
Most NEMS switches were developed in laboratories rather than manufactured in
large scales as of today. Limitation on manufacturing technologies also constrain the
devices that can be produced in experiments. Recently, a MEMS switch is finally
fabricated and commercialized by Analog Devices, with a minimum actuation lifetime of 1
billion cycles and a predicted lifetime of about 7.2 years. 56 This may foreshadow the
commercialization of NEMS switches in the future.
The reliability challenge of NEMS switches mainly comes from stiction and
tribopolymers. Stiction is regarded as the phenomenon where the adhesive forces
between contacting surfaces can keep the switch closed and cannot open. For instance,
Hayamizu, et al.57 showed that cantilevers made of nanotubes stayed in closed position
after only 23 cycles of contact. Loh, et al.58 demonstrated that having diamond-like carbon
electrodes in nanotube NEMS switches allowed lower adhesion than gold electrodes and
decrease the effect of stiction.
Wabiszewski59 showed the formation of tribopolymer in nano-scale Pt/Pt contact
switches for two billion cycles. Electrical conductance increased up to six orders of
magnitude as a result of this tribopolymer formation, and sliding of the contact recovered
electrical conductivity because of the removal of insulating polymer films. Streller, et al.60
developed PtxSi thin films as a candidate for future NEMS switches contact materials that
may inhibit the formation of tribopolymer.
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To effectively perform the functions of Field Effect Transistors, the contact
materials in NEMS switches need to meet some specific requirements. First and foremost,
the surface materials of the electrodes for source and drain should be highly conductive
to enable substantial electrical currents to run through the contact surface. More than this,
they need to resist the formation of tribopolymer on their surface so that the electrical
conductance will not be affected. Thirdly, the materials on the two contacting surfaces
should be weakly adhered to each other and wear-resistant. Fourthly, the contacting
materials are required to be compatible with the NEMS fabrication environment and
technologies. Fifthly, their surface roughness should not be too small to cause a huge
adhesion with the other surface, and should also not be too large to induce a tiny contact
area. Last but not least, the materials for the electrodes need to be thin, free of residual
stresses and able to be prepared into contact structures with small gaps.
Most requirements above can be satisfied by many materials systems such as
Pt/Pt31-33 nowadays. Nevertheless, no materials systems plus environmental conditions
have been found that can effectively resist the formation of tribopolymer on their surface
while meeting other requirements for NEMS switches.

2.3 Formation of Tribopolymers in Electro-Mechanical Switches and Their Effect
on Contact
Tribopolymer films have been widely found on the surfaces of contacting systems
after cycles of electrical and mechanical contact.37,49,59,61-63 There are mostly carbon,
hydrogen and oxygen elements in these films, which are electrically insulating.
Tribopolymer originates from the contamination on surfaces. Although gas
pressure can be largely reduced at Ultra-high vacuum level to decrease the amount of
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contamination, this method is not applicable to NEMS devices. Even in hermetically sealed
packages, ppm levels of contamination still exists 64 and can act as the precursor for
tribopolymer growth.61
The process of polymerization from contaminant to tribopolymer involves the
contribution from stress, surface catalysis and even electric current. The contaminant in
between the contacts will be subject to extremely high stresses when it is trapped in the
contact region and compressed by the two contacting surfaces. These stresses can help
overcome the potential barrier of polymerization.65 In fact, polymerization has been
achieved under stresses of the magnitude of GPa in past experiments,66-67 while the local
stresses in NEMS contacts are also estimated to be in the unit of GPa.
The contact materials on which the contaminant is adhered to can also play the
roles of catalyst for polymerization. Noticeably, metals including Pt, Ru, Rh and Pd are
known for their heterogeneous catalysis effects for hydrocarbon reactions,68 while these
materials can produce a large amount of tribopolymer if they are used as the contact
materials.37,61 Meanwhile, some other materials did not exhibit such phenomena. The
catalysis effects of contact materials on tribopolymer formation still need much further
investigation.
Researches have also shown that electric current can also reduce the activation
energy barrier of polymerization to facilitate the formation of tribopolymer.55 On the other
hand, electric field can also induce electron avalanche to break down tribopolymer and
transform it into a conductive material.69-70
So far, few studies have been conducted on the properties of tribopolymer and its
effect on the contact process. It has only been shown that the tribopolymer can also act
as a lubricant to reduce adhesion and wear in contact systems.37 Consequently, while we
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hope to reduce the amount of tribopolymer in NEMS switches to ensure the electrical
conductance between contacts, keeping some tribopolymer may also be beneficial for
preventing the devices from failure.

2.4 Atomistic Simulations of Contact with Adsorbates
Earlier studies examined the effects of organic molecules on contacts. 71-75 For
example, several studies focused on contacts between surfaces with self-assembled
monolayers (SAMs; molecules chemically anchored to the substrate, often oriented
vertically in a highly laterally-ordered arrangement).71,74,76-79 When an asperity was brought
into (normal) contact with such a surface, the SAM molecules began to disorder through
gauche defect formation.71,76-79 An increase in oligomer chain length decreases the
number of defects formed in the polymer.77 Molecules directly under the tip were either
pushed out of the contact region or trapped under the tip. 73-74,76 It is easier for sharper tips
to penetrate the layer than blunter ones, because more chains can move away from the
contact region when being compressed by tips with small radii.72-74 The chemisorbed
monolayer led to significant deviations from continuum single asperity contact theory, 74
but will also reduce the differences between asperities with different structure. 75 Typical
adsorbates (surface contamination) are, however, not chemisorbed nor densely packed,
like SAMs, but rather are low-density physisorbed species.
In contrast, there have been few studies 75 on weakly-adsorbed molecules,
particularly when sparse; such a system is potentially a good model for adsorbed
contaminants.
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CHAPTER 3: EFFECT OF ADSORBATE PROPERTIES ON SINGLE-CYCLE
CONTACT
In this chapter, we study how adsorbate layer thickness, the adhesion between
metal and adsorbate, and adsorbate cohesion affect the contact behaviors, based on MD
simulations of single-cycle metal/metal contacts with and without adsorbate.

3.1 Simulation Methods

Molecular

dynamics

simulations

are

performed

using

the

Large-scale

Atomic/Molecular Massively Parallel Simulator (LAMMPS).1 The schematic MD simulation
cell geometry is shown in Figure 3. All atomic configurations in this paper are generated
from OVITO.2 In this study, we initially place all of the adsorbate molecules on a flat
substrate. The positions and orientations of each adsorbate molecule were chosen at
random within a finite slab to produce a film of appropriate thickness and density. The
asperity was prepared by placing a 2.35 nm X 2.35 nm X 2.35 nm cube of Pt atoms on
the (001) flat, red surface, increasing the temperature to 1200 K, holding it for 5 ps to
smooth and relax the asperity configuration, and cooling it to 0 K. Before the contact
simulations began, the system was equilibrated at 300 K for at least 50 ps (as in Ref. 3).
This procedure produces an approximately hemispherical asperity of radius Ra=1.75 nm,
a size typical of observed asperities in AFM experiments.4
Periodic boundary conditions are applied in the x-, y- and z-directions (see Figure
3). In the contact simulations, the two surfaces are brought into contact during the loading
portion of the contact cycle by decreasing the simulation box periodic length in the zdirection at a constant rate of 1 m/s (typical of other MD simulations and within an order
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of magnitude of that in typical NEMS switches

3,5-8

). The MD simulation cell is loaded to a

fixed displacement and then unloaded (surface separated) at the same rate. The size of
the simulation cell was chosen to ensure that defects generated during the mechanical
deformation do not cross the simulation cell boundaries. In order to reduce the effect of
mechanical coupling between the simulation cell and its periodic images (through either
plastic deformation or the Poisson effect), the simulation cell size in the x- and y-directions
was adjusted each time step (5 fs) to ensure that the total traction (σijnj) on any plane with
normal (nj) in the x- and y-directions was zero. There are 62,462 Pt atoms in the simulated
systems. The number of adsorbate molecules varies depending on simulation conditions,
while the total number of particles in the simulation cell was fixed during each simulation.
The temperature was fixed at 300 K using a Nosé-Hoover thermostat.9

Figure 3. The geometry of a representative MD simulation cell prior to contact. The red
and blue spheres both represent Pt atoms (colored differently to emphasize upper or
lower surfaces) and the grey spheres represent adsorbate “atoms.” The nominal Pt
surface planes are (001). Adsorbate molecules are shown on the upper surface. The
black lines indicate the boundaries of the periodic simulation cell.
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The simulations were performed using displacement-control rather than forcecontrolled; i.e., we control the periodic length of the simulation cell in the z-direction L(t).
This is because the final displacement is limited largely by the presence of other asperities
along the surface in typical multi-asperity contact situations. The spacing between the
nominally flat surfaces of the red and blue regions in Figure 1 is H(t)=L(t)-LB-LR, where LB
and LR are the initial sizes of the blue and red regions (in the z-direction). At the beginning
of the contact simulations H(0)=3.69 nm, which is much larger than the initial asperity size
(H=0 corresponds to the two flat surfaces in contact). We introduced a dimensionless
measure of the compressive displacement by normalizing H by the initial asperity radius
C(t)=1-

H(t)
Ra

.

During the simulations, we decrease H (and L) to a fixed value during the loading
portion of the contact cycle and then increase it again during unloading until the surfaces
are separated. We investigate situations in which the minimum H (and L) and
corresponding maximum C are Hmin=2.1 nm, Cmax=16% and Hmin=1.1 nm, Cmax=56%
corresponding to small and large deformation.
The interactions between Pt atoms are modeled using the Embedded Atom
Method (EAM) potential developed by Sheng, et al. 10 This potential yields the following Pt
properties: the cohesive energy is -5.77 eV/atom (-556.93 kJ/mol), the stacking fault
energy is 0.121 J/m 2, and the (110), (100) and (111) surface energies are 1.934, 1.778
and 1.694 J/m 2, respectively.10 These properties (along with elastic constants, lattice
parameter, point defect energies and phonon spectra) are in reasonable agreement with
existing experiments and ab initio calculations.11-13
As discussed above, the nature (composition, structure) of the adsorbate varies
with contact system and environment and is poorly understood. In this study, we represent
the adsorbate as an oligomer chain with properties roughly descriptive of a hydrocarbon.
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To do this, we follow the approach employed by Cheng et al. 14; i.e., we model the
adsorbate as a chain of four “atoms.” Each adsorbate “atom” may represent one or several
atoms or atomic groups within the adsorbed molecule.
The interactions between adsorbate “atoms” and between adsorbate “atoms” and
the metal (Pt) atoms can be described in terms of a Lennard-Jones (LJ) potential
σ 12
σ 6
σ 12
σ 6
4εα [ ( rα ) - ( rα ) - ( rcα ) + ( rcα )
LJ
Vα = {
α
α

0

if r<rcα
if r≥rcα

,

(1)

where the subscript  indicates interaction type. We distinguish interactions between (1)
nearest neighbor “atoms” in the adsorbate backbone =b, (2) adsorbate “atoms” that are
not neighbors along the backbone (i.e., distant neighbors in a chain or “atoms” in different
chains) =nb, and (3) metal atoms and adsorbate “atoms” =m-a. The quantities  and

 set the energy and length scale of the bonds respectively, and rc is the cutoff in the LJ
potential (the last two terms in Eq. (1) shift the potential to zero energy at the cutoff length).
In order to keep the adsorbate chains from breaking, we add an additional
interaction between neighboring “atoms” along the adsorbate backbone of the Finite
Extensible Nonlinear Elastic (FENE) potential form VF 15
1

r

2

- KR20 ln [1- (R ) ] if r < R0
V (r)= { 2
,
0
if r ≥ R0
F

∞

(2)

where K and R0 are the energy scale and cutoff for the FENE potentials.
It is convenient to reference the potential parameters in Eq. (1) to the bonds in Pt.
Equating the cohesive energy and interatomic separation in Pt described with the EAM
potential with that of a face centered cubic Lennard-Jones potential crystal (no cutoff), we
set =0.671 eV and =0.254 nm.
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In the simulations reported below, we set m-a = nb = b =  (consistent with

14

).

The cohesion within the adsorbate layer is determined by nb in the LJ potential. In order
to examine the effect of adsorbate cohesion on contact behavior we consider both weak

nb=0.054 and strong nb=0.161 cohesion. For reference, we note that Tg of the
corresponding infinite bulk polymer is ~0.4nb/kB

16-17

such that for the weak/strong

adsorbate cohesion, Tg=167 K/501 K (the simulations are performed at 300 K). We set the
cutoff rcnb=1.8σ, which is between once and twice the equilibrium “atom” spacing 2 1/6. For
the “atoms” that are nearest neighbors along the adsorbate backbone, the repulsive part
of the interaction is dominated by the same LJ potential as above (i.e., b= nb) but cutoff at
its minimum (rcb=21/6 σ) and the attractive part is dominated by the FENE potential with
K=7.5/2 and R0=1.5 (these are typical values for this type of coarse grain polymer
model15,18-20). The equilibrium spacing between adsorbate “atoms” along the backbone is
0.88. We set the molecular weight per unit length of the adsorbate chain to a value
appropriate for polyethylene, i.e., the mass of each “atom” is 22.22 amu.
For the LJ interactions between metal atoms and adsorbate “atoms”, we set
rcm-a=2.16σ following 14. In order to study the effect of Pt/adsorbate adhesion on the contact
behavior we consider several LJ interaction strengths, m-a=0.1, 0.3 and 0.5. These
values were chosen to ensure that the metal/adsorbate “atom” bond strength is larger than
room temperature (0.037 ) but smaller than that of the metal/metal bond (1 ), thus
representing physisorbed species, as expected for many hydrocarbon contaminants.
To create the adsorbate layer, a fixed number of 4-“atom” oligomers are placed at
random near the flat Pt surface. (We initially only place adsorbate on the flat surface so
that an adsorbate layer thickness can be defined. Like in the real system, the adsorbate
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freely redistributes during the contact process.) The energy is then minimized, following
which the sample is heated to 300 K and held for at least 50 ps.
We define the effective film thickness as h=n/, where n is the number of “atoms”
per unit substrate area and  is the density of bulk adsorbate. To measure h in the
simulations, we performed a series of molecular dynamics simulations as indicated in the
designed simulation cell shown in Figure 4. Periodic boundary conditions are applied in
all directions. The initial positions of the adsorbate “atoms” were set in the same way as
described above. These systems were heated to and equilibrated at 300 K. We plot the
total number of adsorbate “atoms” between z=0 and z=z0, na(z0), as a function of z0 (z=0
is the position of the Pt substrate surface). A typical na-z0 curve is shown in Figure 5. As
seen in this figure, na rises rapidly away from the substrate and then increases nearly
linearly with z before saturating at the layer free surface (see Figure 4). Away from the
free surface and metal-adsorbate intertace, the curve has a constant slope (provided that
the adsorbate layer is sufficiently thick). The amount of adsorbate in our simulations
changes the length of the linear part in the na-z curves, but the slope of this linear part, S,
does not change with number of adsorbate “atoms”. This slope is the product of the bulk
adsorbate density and the substrate surface area. In this way, we determine the adsorbate
“atom” density to be =54.24 “atoms”/nm 3 for nb=0.054 and =55 “atoms”/nm 3 for the

nb=0.161 at 300 K.
Figure 6 shows how the layer density varies with distance from the substrate for
layers of h=0.12 nm, 0.36 nm, 0.73 nm and ∞. This result shows that h=0.12 nm
corresponds to a sub-monolayer thick adsorbate. The structure of the adsorbate adjacent
to the metal is nearly independent of adsorbate layer thickness of h≥0.36 nm and this layer
is very dense.
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Figure 4. Atomic configurations of a representative simulation for calculating the bulk
adsorbate density. The blue spheres represent Pt atoms and the grey spheres represent
adsorbate “atoms.” The black lines indicate the boundaries of the periodic simulation
cell.

Figure 5. The total number of adsorbate “atoms” between z=0 and z=z0, na(z0), versus z0
for the case of n=150 “atoms”/nm 2 and nb=0.054 (all other parameters are as per the
reference condition in Section 3.2). z=0 is set to the Pt substrate surface position.

35

Figure 6. Adsorbate layer density-distance ( 0-z) curves for adsorbate layers of thickness
h=0.12 nm, 0.36 nm, 0.73 nm and ∞. The layer density distribution is defined as

0(z)=[na(z+Δz)-na(z)]/(AcΔz), where Ac is the cross-section area of the simulation cell (see
Figure 4) and Δz=-0.01 nm. All adsorbate and Pt interactions are as in the reference
condition in Section 3.2.

In this chapter, we present results for h = 0 (no adsorbate), 0.12 nm (0.47), 0.36
nm (1.4), and 0.73 nm (2.9). This covers a range of adsorbate layer thicknesses from
effectively sub-monolayer to several layers (see Figure 7). The work of adhesion Wad
between metal and adsorbates (m-a), metal and metal (m-m), and adsorbates and
adsorbates (a-a) are given in Table 1. The values in this table were estimated based upon
the method described below.
In order to provide an analytical estimate of the surface and interface energies and
the work of adhesion, we adopt a simple nearest-neighbor bond model. First, we calculate
the Pt (100) surface energy at 0 K using the EAM potential ( m = 1.778 J/m 2). Next, we
count the number of broken nearest neighbor bonds in a perfect Pt lattice (per unit area)
for this surface. Following this approach, the Pt-Pt (metal-metal) nearest neighbor bond
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energy Em-m appropriate for this surface is found to be Em-m=ma20 /4=m • 0.0382 nm 2=0.425
eV, where a0 is the lattice constant of Pt at 0 K (0.3909 nm).

Figure 7. Atomic configuration of the adsorbate (intermediate Pt/adsorbate adhesion,
weak adsorbate cohesion) on the Pt substrate. (a)-(c) is a view perpendicular to the
substrate (substrate atoms not shown). The covalent bonds are shown in orange. (d)-(f)
show a view of the adsorbate layer in a cross-section parallel to the Pt substrate surface.
In both, the three images correspond to adsorbate layer thicknesses of 0.12 nm, 0.36
nm and 0.73 nm.

Table 1. Work of adhesion between metal and adsorbates (m-a), metal and metal (mm), and adsorbates and adsorbates (a-a). The values corresponding to the reference
condition are shown in bold.

Work of Adhesion Wad (J/m2)

nb

m-a
m-a

0.054
0.161

m-m

0.1
0.3
0.5

0.36
1.1
1.8

0.3

1.1

a-a
0.19

3.6
0.57
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Since the number of adsorbate “atoms” per unit area adjacent to the Pt (001)
surface is approximately equal to that of the Pt atoms themselves on that surface (see
Figure 7 and by integration of the first peak in Figure 6), we can model the interface as
adsorbate “atoms” epitaxial to the Pt (001) surface. Hence, the Pt/adsorbate interfacial
energy is simply the number of Pt/adsorbate “atom” bonds which is four times the atomic
density of Pt on the (001) surface. Referring to the paper, where the metal-metal and
metal-adsorbate (van der Waals) bond strengths are m-a=0.1, 0.3 or 0.5, we assume
the same ratio of nearest neighbor bond energies Em-a=0.1Em-m, 0.3Em-m or 0.5Em-m. We
make similar assumptions to model the adsorbate surface energy (assuming that
formation of the surface breaks no bonds along the adsorbate “molecule” chain); hence,

nb=0.054 or 0.161 implies Ea-a=0.054Em-m or 0.161Em-m, respectively. From these
surface and interface energies, we obtain the estimates for the works of adhesion in Table
1. These simple estimates are accurate for the work of adhesion of the metal and
reasonably good for the metal/adsorbate layer. However, the estimate for the work of
adhesion for the adsorbate itself is crude. Fortunately, the latter is of nearly no
consequence in the present work.

3.2 Single Asperity Contact with Adsorbates

Asperity contact in the absence of adsorbates was discussed in our earlier
studies.3,5-7,21-25 To understand the effect of adsorbates on the contact process, we
systematically vary adsorbate layer thickness, adhesion between metal and adsorbates,
and cohesion between oligomer adsorbates. We simulate adsorbate layer thicknesses h
= 0, 0.12, 0.36, 0.73 nm, where h=0 implies no adsorbates; this covers the adsorbate
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layers from sub-monolayer to several layers. The metal/adsorbate interactions are varied
from strong (~50% of the metal/metal adhesion) to intermediate (~30%) to weak (~10%).
We also vary the properties of the adsorbate layer itself by varying the van der Waals
interaction between non-bond adsorbates from 1.4 to 4.3 kBT, corresponding to works of
adhesion in the adsorbate layer from 5% to 16% that of the metal-metal interface.
Before studying the effect of adsorbate layer properties on nano-asperity contact,
we focus on a reference adsorbate layer condition: h=0.36 nm (~1.5 adsorbate
monolayers), intermediate metal/adsorbate adhesion Wad (30% of the metal/metal
adhesion) and the lower adsorbate (non-bonded) cohesion (1.4 kBT).
We first discuss the effect of the adsorbate under the reference condition for a
single (close/open) contact cycle. Figure 8 illustrates the case of large compression (i.e.,
the maximum compression Cmax=56%). As the upper substrate contacts the asperity, the
asperity elastically and then plastically deforms, becoming wider and shorter. When the
upper substrate is retracted, the asperity begins to neck (Figure 8(d)), demonstrating
metal-metal adhesion. Finally, as the upper substrate continues to retract, the asperity
necks down to nearly atomic dimensions before final separation (“fracture”) occurs,
several atomic layers away from the initial plane of contact. The net result is that part of
the asperity is transferred to the upper substrate, and a significant fraction of the Pt atoms
are transferred from the upper surface to the lower (Figure 8(e)) - we provide quantitative
results and statistics below. Examination of Figure 8 (d) and (e) show that some of the
adsorbate covers the asperity and remains there when the two surfaces are completely
separated. This is simply the result of the strong adsorbate/Pt adhesion compared with
the cohesion between adsorbate molecules (see Section 3.1). These results show that the
morphology of the asperity evolves substantially during contact and separation. We note
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that the observation of the strongly necked configuration (Figure 8(d)) is only visible
because the simulations were performed under strain, rather than force, control.

Figure 8. The atomic configuration of the system as the two surfaces were brought
together and separated under the reference condition (see Section 3.1) at the
displacements indicated in Figure 10. The maximum displacement corresponds to
Cmax=56%.

To see the effect of the extent of loading on the contact/separation behavior, we
also performed simulations with a smaller maximum displacement, Cmax=16%. The end of
the contact/separation cycle for this case is shown in Figure 9. The asperity is still
plastically deformed, but to a much smaller degree than when Cmax=56% (Figure 8(e)).
Only 3 Pt atoms are transferred between the two surfaces, yet there are still adsorbates
transferred from the upper to lower surface. The lack of significant Pt transfer suggests
that Pt/Pt contact is minimal in this case, even plastic deformation occurred. This is
because the adsorbates intervened between the surfaces. Thus, interestingly and
importantly, adsorbates can limit metal/metal contact and improve the morphological
stability of the system. This is consistent with the assertion in Ref.

26

that adsorbates on

Pt surfaces led to low electrical conductivity. We discuss this at greater length below.
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Figure 9. The atomic configuration of the system after the two surfaces were brought
together and separated under the reference condition (see Section 3.1) for Cmax=16%.

The normal force-displacement curves corresponding to the cases shown in
Figure 8 are shown in Figure 10(a). The force F is in the direction parallel to the loading
(the z-direction in Figure 3) and F>0 implies compression. The force-displacement curves
are drawn with data averaged over 0.01 nm. They are consistent with earlier studies in the
absence of adsorbates (e.g., see Ref. 4-5).
The purple curve in Figure 10(a) corresponds to loading. At H≈2.88 nm (brown
arrow in Figure 10(a)), the two surfaces start to interact, and F first drops from zero to a
negative value (tension) as the two surfaces “jump-to-contact”.27 Unlike in cantilever
probe-based experiments, where the jump-to-contact is accommodated by the elastic
deformation of the cantilever,4 here it is accommodated by elastically stressing the
materials on either side of the contact and some non-elastic deformation of the contact
surface.27 The jump-to-contact here is largely accommodated by deformation of the
adsorbate layer. As H continues to decrease, the magnitude of this tensile force decreases
and soon F becomes positive; this is when the two surfaces enter the regime of net
compression. The increase in the slope following the first minimum (H≈2.7 nm) in the F-H
curve (blue arrow in Figure 10(a)) may be attributed to the increase in contact area with
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elastic deformation of the hemispherical asperity and the adsorbate layer/Pt substrate.
This slope continues to increase until a small but relatively sharp drop occurs around
H≈2.25 nm (black arrow in Figure 10(a)); this corresponds to the first plastic event
following the jump-to-contact (dislocation nucleation) during compression. Nucleation and
subsequent motion of the dislocation decreases the average height of the asperity and
increases its width. With further decrease in H, the curve rises again and then is
punctuated by a series of drops corresponding to subsequent dislocation emission and
propagation. This is consistent with earlier studies in the absence of adsorbates (e.g., see
5

). Following most of the drops in F, F rises at a nearly constant rate. This corresponds to

the elastic deformation of the system in its current configuration. However, comparison of
the slopes in these near-constant-slope regions of the F-H curve shows that the slopes
slowly increase with decreasing H (cf. at H≈2 nm and 1.5 nm). This increase in slope
(increase in normal contact stiffness) is due to the plastic increase in contact area, rather
than classical dislocation-based work hardening and is consistent with prior experiments
for Au-Au nano-asperity contacts.4
After the film is loaded to H≈2.1 nm (Cmax=16%) and to H≈1.1 nm (Cmax=56%), the
system is unloaded (H increases), as shown by the green and orange curves respectively
in Figure 10(a). In both cases, initially the F-H curves are nearly straight, indicating that
the unloading is largely elastic.5 We note that the slope of the Cmax=56% curve is larger
than that for Cmax=16%; this increased normal contact stiffness is simply the result of the
larger contact area at C=Cmax when the initial deformation upon unloading is greater. As
the red and blue surfaces in Figure 3 continue to move apart, the force changes from
positive (compressive) to negative (tensile). This is followed by a drop in the magnitude of
the force. These (and subsequent) abrupt force drops are relaxations due to plastic
deformation, which continues until the two surfaces are separated, and F=0. Note that the
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value of H where separation of the surfaces occur is much greater in the larger Cmax=56%
case. This is associated with the additional adhesion from the bigger contact area at
Cmax=56%. The maximum tensile force can be thought of as a pull-off force in a forcecontrolled experiment, this is the force at which the two surfaces separate. The tensile
pull-off force for Cmax=56% is larger than that for Cmax=16%, again because of the greater
contact area at larger Cmax (see below). Overall, these loading and unloading forcedisplacement curves are similar to those obtained experimentally. 4

Figure 10. (a) The normal force F versus H or C=1-H/Ra for the simulations in Figure 8
(under the reference condition). The normal force is in the z-direction (see Figure 3). The
purple curve represents loading, while the orange and green curves represent unloading
from two values of Cmax. The atomic configurations corresponding to points (a)-(e) in the
F-C plot are shown in Figure 8. (b) The minimum Pt cross-section area Amin and electrical
conductance Gs vs. H or C.
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As discussed above, the key feature of electromechanical switches, including
NEMS switches, is the change in electrical conductivity between the open and closed
states. We estimate the electrical conductance of these nano-scale contacts through the
widely used (e.g., see 5) modified Sharvin equation28:
Gs =

2e2 k2F APt/Pt
ħ 11.6π2

(3)

where Gs is the electrical conductance, e is the electron charge, ħ is reduced Planck’s
constant, kF is the magnitude of the Fermi wave vector of Pt (kF=1.505×1010 m -1
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), and

Amin is the minimum cross-section area of the conducting channel. Since e, hP and kF are
constant throughout our simulation, the electrical conductance is simply proportional to
Amin.
Although the nature of the adsorbates found in experiments are not well
understood, for simplicity we assume that the adorbate conductance is negligible
compared with Pt, consistent with many literature reports. 26 This is one of the main
reasons that contaminant adsorption and subsequent tribopolymer formation lead to
NEMS switch failure via a rise in the switch resistance. Accordingly, we determine the
values of Amin to use in Eq. (3) at each value of H by finding the plane (with normal in the
z-direction) of minimum cross-sectional area in the system (i.e., the plane that intersects
the minimum number of Pt atoms), ignoring the zero conductance adsorbates.
The minimum Pt cross-section areas and the electrical conductance (Eq. (3)) are
shown as a function of H in Figure 10(b) during loading to Cmax=56% and unloading.
On loading, Amin and Gs begin to rise ~0.4 nm later than contact is observed in the
F-H curve, because the initial contact is between the Pt asperity and the zero-conductance
adsorbate layer (h=0.36 nm). Following the initial Pt-Pt contact at H≈2.5 nm, Amin and Gs
show regions of little variation with H separated by a discrete set of jumps. Each of these
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abrupt increases in the Pt cross-section area and conductance corresponds to an abrupt
drop in the force at the same displacement (see the vertical dashed lines in Figure 10);
this corresponds to the plastic deformation of the metal (consistent with earlier work in the
absence of adsorbates4-5,28,30-31).
At each value of H, the contact area when unloading is larger than when loading.
Furthermore, the unloading curve is qualitatively different from the loading curve; rather
than showing a monotonic, stepwise variation, the unloading curve shows peaks and
valleys with few plateaus. On unloading, the plane corresponding to Amin moves from the
substrate/asperity contact into the asperity, progressing towards the center of the asperity.
The small peaks in the Amin–H curves correspond roughly to shifts in the position of the
minimum contact areas (see Figure 11). The subsequent smooth decrease in Amin on
further unloading corresponds to the necking, which extends both above and below the
atomic plane corresponding to Amin. In other words, necking during unloading is diffuse
(not localized on a single atomic plane), while thickening of the substrate/asperity contact
plane during loading occurs by individual dislocation events (with slip planes that intersect
the contact plane). Overall, these curves are similar to those obtained in experiments on
Au-Au nano-asperity contacts.4
Given the importance of conductance, we focus on the maximum value which
occurs where the switch is maximally closed, Gs(Cmax). Since Gs is proportional to Amin
which we can directly measure, we employ Amin(Cmax) as a surrogate for Gs(Cmax). To
eliminate the effects of the statistical variations, we average Amin(Cmax) over 10 simulations
each with different adsorbate structures (taken from a single equilibrium anneal at different
times), resulting in Amin(Cmax=16%)=0.7±0.3 nm 2, and Amin(56%)=8.6±2 nm 2 (the
uncertainty is the standard deviation of the distribution from 10 simulations). The
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difference between these quantities is simply a statement that there is a larger contact
area when the asperity is more compressed.

Figure 11. The position of the minimum Pt cross-section area Amin in the z-direction, z, as
a function of H during unloading (Cmax=56%). z=0 is set to the Pt substrate surface
position. These simulations were performed for the reference condition.

Figure 8(e) and Figure 9 both show that Pt atoms were transferred from one
surface to the opposite surface during the contact cycle. The number of metal atoms
transferred Nm(Cmax) indicates the degree to which the contact morphology changes
during one contact cycle, which also shows large fluctuations between simulations:
Nm(16%)=5±4, and Nm(56%)=250±110. Not surprisingly, Nm(Cmax) increases as the degree
of asperity compression increases; this is simply because larger compression leads to
more Pt-Pt bonding between the surfaces, as demonstrated by the larger (Pt/Pt) contact
area Amin(Cmax). We note that large relative fluctuations in Nm(Cmax) are correlated with
large relative fluctuations in Amin(Cmax).
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Another important quantity for electromechanical device performance is the
amount of energy expended through each contact cycle, i.e., the irreversible mechanical
work WM(Cmax) done in one loading/unloading cycle. This is the integral of the force with
respect to displacement through the cycle (i.e., the area between the curves in Figure
3(a)). We find that WM(16%)=110±40 eV and WM(56%)=800±80 eV. This shows that more
plastic deformation at larger Cmax leads to significantly more mechanical work required
during the contact.
For the reference condition, the Pt asperity deforms, new Pt-Pt bonds are formed
across the interface (increased contact area), and Pt is transferred across the interface
when the contact is separated, requiring mechanical work. Increasing the degree of
compression Cmax increases all of these. Since the maximum conductance of the closed
contact is proportional to the contact area, this suggests that the conductance also
increases with increasing compression. The increased number of atoms transferred
indicates the potential for increased contact morphology evolution. For electromechanical
applications, this can lead to decreased switch reliability. Increased contact morphology
evolution during cycling implies increased irreversible mechanical work and increased
energy dissipation; i.e., suggesting decreased switch energy efficiency. The results
presented in this section are for a single contact cycle for a representative (standard) set
of adsorbate properties. In the following, we examine how adsorbate layer thickness and
adsorbate properties affect asperity contact behavior.

3.3 Effect of Adsorbate Layer Thickness on Single-Cycle Contact
To analyze the effect of adsorbate layer thickness on the contacts, we fix all other
adsorbate properties under their reference condition and varied the adsorbate layer
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thickness h (0, 0.12, 0.36 and 0.73 nm). Figure 12 and Figure 13 show the system
configuration at the completion of a single load/unload cycle for these adsorbate layer
thicknesses for Cmax=16% and Cmax=56%. In these figures, we do not show the adsorbates
in order to more clearly see how the adsorbates change the asperity evolution. Figure
13(a) shows the case with no adsorbate, and Figure 13(c) is the same as Figure 8(e) (the
reference condition, but without adsorbates shown). Figure 13 shows that the number of
Pt atoms that get transferred from one surface to the other decreases dramatically with
increasing adsorbate layer thickness, particularly at high adsorbate coverage. Thus,
sufficient adsorbate coverage can greatly reduce the bonding between the asperity and
the opposing surface.

Figure 12. Atomic configurations of the simulation cells at the completion of the
load/unload cycle for Cmax=16% with adsorbate layer thicknesses h=0, 0.12, 0.36 and
0.73 nm in (a)-(d), respectively. All other variables are the same as the reference
condition. The adsorbate “atoms” are not shown to better visualize the evolution of the Pt
asperity.

48

Figure 13. Atomic configurations of the simulation cells at the completion of the
load/unload cycle for Cmax=56% with adsorbate layers thicknesses h=0, 0.12, 0.36 and
0.73 nm in (a)-(d), respectively. All other variables are as per the reference condition.
The adsorbate “atoms” are not shown to better visualize the evolution of the Pt asperity.

Figure 14 shows how the Pt/Pt contact area (represented by Amin(Cmax)) and the
number of Pt atoms transferred between the asperity and opposing surface Nm(Cmax) vary
with adsorbate layer thickness h (for two different maximum compressions Cmax). The data
in this and subsequent figures are averaged over 10 simulations, with the statistics shown
in Table 2. Both quantities show similar variations; they decrease with adsorbate layer
thickness h (both effects are larger at larger Cmax). The thinnest adsorbate layer h=0.12
nm has little effect on these quantities because a submonolayer film (see Figure 6) does
not effectively keep the Pt surfaces separate during contact. This is clearly seen in Figure
15, which shows the distribution of adsorbate “atoms” in the system at the maximum
compression C=Cmax. In this case (Figure 15(a)), the adsorbate “atoms” in the contact
region (center of the image) are sparse, leading to little change in Amin(Cmax) and
consequently in Nm(Cmax). Increasing the adsorbate layer thickness beyond a full
monolayer is much more effective at decreasing the contact area Amin(Cmax) and, hence,
Nm(Cmax).
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Figure 14. Minimum Pt cross-section area at C=Cmax, Amin(Cmax), and the number of Pt
atoms transferred from one surface to the other, Nm(Cmax), as a function of adsorbate
layer thickness, h. (all other variables are as per the reference condition)

Table 2. Average Values and Standard Deviations (data from 10 independent simulations)
of Amin, Nm and WM. In each case, all of the parameters are set as per the reference
conditions while only the physical parameters (adsorbate layer thickness, Pt /adsorbate
adhesion and adsorbate cohesion) are individually varied as indicated in the top row.
Physical
Parameters

Adosrbate Layer Thickness (nm)

Pt / Adsorbate Adhesion

Adsorbate
Cohesion

Changed

Values

Physical
Parameters

0

0.12

0.36

0.78

Weak

Strong

Weak

Strong

4.12

3.2

0.7

0.21

2.3

0.7

1.7

0.7

0.9

0.1

0.4

0.3

0.11

0.4

0.3

1

0.3

1

12.9

12.0

8.6

6.4

12.7

8.6

9.4

8.6

9.3

0.3

1.2

2

2

1.0

2

1

2

2

104.0

110

5

0.2

32

5

200

5

20

Cmax
Average
16%

Standard
Deviation

Intermediate

2

Amin (nm )
Average
56%

Standard
Deviation

Nm

16%

Average

50

Standard
Deviation
Average
56%

Standard
Deviation
Average

16%

Standard
Deviation

20

30

4

0.4

10

4

80

4

50

530

520

250

15

430

250

480

250

270

100

100

110

7

100

110

100

110

100

170

200

110

106

170

110

320

110

160

20

40

40

20

40

40

60

40

100

610

770

800

740

850

800

930

800

930

80

60

80

60

80

80

100

80

90

WM (eV)
Average
56%

Standard
Deviation

Figure 15. Atomic configurations of the adsorbate layer with thicknesses of (a) 0.12 nm,
(b) 0.36 nm and (c) 0.73 nm at the end of loading Cmax=56% (all other variables are as
per the reference condition). All images are views perpendicular to the substrate (Pt
atoms not shown).

By comparing the spatial distribution of the adsorbates before loading (Figure 7)
and at maximum loading C=Cmax (Figure 15), we see that asperity contact can push
adsorbate molecules out of the contact region due to the shear that is produced near the
periphery of the contact, which grows with increasing C. We also observe that this effect
is not completely effective; some adsorbate molecules are trapped in the contact region
(see the low density of adsorbates in circular contact regions near the centers of Figure
15 (b) and (c)). The molecules that flow the most easily are those that are weakly bonded;
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that is, adsorbate molecules in contact with the substrate (where the bonding is stronger
than within the adsorbate layer) do not flow easily. Hence, thicker adsorbate layers
lubricate more effectively than thin ones, and lead to more stable asperities. However,
since increasing adsorbate layer thickness reduces Amin(Cmax), they also, unfortunately,
lead to a decreased conductance Gs(Cmax).
The normal force-displacement curves for the different adsorbate layer
thicknesses are shown in Figure 16 and Figure 17 for Cmax=16% and 56%, respectively.
We summarize those results in Figure 18, where the mechanical work WM(Cmax) is plotted
as a function of h. The main feature of both curves is that as h increases, the mechanical
work increases, goes through a maximum, and then decreases.

Figure 16. The normal force F with respect to H and C for the simulations with different
adsorbate layer thickness (all other variables are as per the reference condition) for
Cmax=16%.
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Figure 17. The normal force F with respect to H and C for the simulations with different
adsorbate layer thickness (all other variables are as per the reference condition) for
Cmax=56%.

Figure 18. Work done in the contact process WM(Cmax) as a function of adsorbate layer
thickness, h (all other variables are as per the reference condition).
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The decrease with h (at large h) is simple to understand. Figure 14 showed that
increasing h leads to a dramatic decrease in Amin(Cmax); i.e., fewer Pt-Pt bonds at the
interface. Since breaking Pt-adsorbate (or adsorbate-adsorbate) bonds requires
significantly less energy (force) than breaking Pt-Pt bonds (see Section 3.1), the force
required to separate the surfaces at larger h is smaller. This is consistent with the
morphologies shown in Figure 12 and Figure 13, where the system fails at the
asperity/upper substrate interface at large adsorbate layer thickness, but by necking at
small adsorbate layer thickness.
The initial increase in the mechanical work WM with increasing adsorbate layer
thickness can be understood by recalling that the adsorbate acts as a lubricant between
the asperity and the upper (blue) substrate. A well-lubricated interface allows the asperity
to expand laterally during compression (this is why lubricants are used between the platen
and sample in mechanical testing in compression). The easier lateral expansion of the
asperity with adsorbates enables larger plastic deformation (work) on loading (see Figure
17). Hence, as h increases initially, the better lubrication leads to larger mechanical work
during separation (this is the dominant contribution to the mechanical work in systems that
neck). We note that once the interface is sufficiently lubricated, more adsorbates have no
effect. The competition between the lubrication effect at small adsorbate thickness and
the decreasing Pt-Pt bonding at large adsorbate thickness produces the maxima in the
WM-h curves. This peak in the WM-h curves is shifted to larger h at larger Cmax; this shows
that at a greater maximum compression, more adsorbates lubricate the contact, allowing
plastic lateral expansion of the asperity.
Adsorbate layers can act as lubricants between contacting metal surfaces. While
an asperity can push some of the adsorbate out of the contact region, this does not remove
all of the adsorbate from the contact region (assuming the adsorbate/Pt adhesion is
54

stronger than the adsorbate cohesion). Increasing adsorbate layer thickness decreases
Pt/Pt contact, hence decreasing the conductance. On the other hand, increasing
adsorbate layer thickness also increases the stability of the asperity morphology and
hence the system reliability. The formation of very thin adsorbate layers increases the
energy expended during a contact cycle, while thicker adsorbate layers make the contact
cycle more energy efficient.

3.3 Effect of Adhesion between Platinum and Adsorbate Layer on Single-Cycle
Contact

We now consider the effect of adhesion between the adsorbate molecules and the
Pt surface on the contact behavior (all other adsorbate properties are fixed under the
reference condition). We vary the metal/adsorbate adhesion from strong (~50% of the
metal/metal adhesion) to intermediate (~30%) to weak (~10%) – see Section 3.1. The
system configurations following the load/unload cycle are shown in Figure 19 for Cmax=16%
and in Figure 20 for Cmax=56%. As in Figure 12 and Figure 13, we do not show the
adsorbate layer for clarity. The amount of Pt transferred is largest when the
metal/adsorbate adhesion is strong, small when the adhesion is intermediate, and
between these for the smallest adhesion.
Figure 21 shows how the Pt-Pt contact area Amin(Cmax) and the number of Pt atoms
transferred between the asperity and the opposing surface Nm(Cmax) vary with
Pt/adsorbate adhesion. Amin(Cmax) decreases upon increasing metal/adsorbate adhesion
from the weakest to its intermediate value, but remains nearly unchanged when the
adhesion between Pt and adsorbate is increased further (for both Cmax cases). When
adsorbate adhesion to Pt is weak, the asperity effectively pushes the adsorbate out of the
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contact region (Figure 22 and Figure 23). However, when the metal/adsorbate adhesion
is above a critical value, the asperity is unable to push aside adsorbates in direct contact
with the substrate (there are similar amounts of adsorbates in the contact region for both
intermediate and strong metal/adsorbate adhesion – see Figure 22 (b) and (c) and Figure
23 (b) and (c)). Since Amin(Cmax) only includes contact between Pt atoms, the efficacy of
removing adsorbate is what controls Amin(Cmax) and hence Gs(Cmax).

Figure 19. Atomic configurations of the simulation cells at the completion of the
load/unload cycle with (a) weak, (b) intermediate and (c) strong adhesion between Pt and
adsorbates for Cmax=16%. All other variables are as per the reference condition.
Adsorbates are not shown to better visualize the Pt asperity evolution.

Figure 20. Atomic configurations of the simulation cells at the completion of the
load/unload cycle with (a) weak, (b) intermediate and (c) strong adhesion between Pt and
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adsorbates for Cmax=56%. All other variables are as per the reference condition. The
adsorbate layers are not shown to better visualize the Pt asperity evolution.

Figure 21. Minimum Pt cross-section area at C=Cmax, Amin(Cmax), and the number of Pt
atoms transferred from one surface to the other, Nm(Cmax), as a function of adhesion
between metal and adsorbates (all other variables are as per the reference condition).

Figure 22. Atomic configurations of the contact systems with weak, intermediate and
strong metal/adsorbate adhesion at the end of loading Cmax=56% (all other variables are
as per the reference condition). All images are viewed perpendicular to the substrate (Pt
atoms not shown).

The number of Pt atoms transferred Nm(Cmax) exhibits a minimum with respect to
Pt/adsorbate adhesion (Figure 19, Figure 20 and Figure 21(a)). As discussed above (for
constant metal/adsorbate adhesion), the magnitude of Nm(Cmax) is largely controlled by the
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maximum Pt/Pt contact area Amin(Cmax). Since Amin(Cmax) drops in going from weak to
intermediate metal/adsorbate adhesion, so does Nm(Cmax). However, even though the
amount of adsorbate in the contact region is nearly the same in the intermediate and
strong metal/absorbate adhesion cases (larger Amin(Cmax) implies less adsorbate at the
contact), Nm(Cmax) increases substantially when metal/absorbate adhesion increases from
intermediate to strong. This is because the adsorbate that is in the contact region also
strongly adheres to the asperity, making it more difficult to pull the asperity from the upper
substrate, thus yielding a larger Nm(Cmax).

Figure 23. Atomic configurations of the contact systems with weak, intermediate and
strong metal/adsorbate adhesion at the end of loading Cmax=56% (all other variables are
as per the reference condition). All images are view of the center of the contact region in
a cross-section parallel to the Pt substrate surface.

The effects of adhesion on the force-displacement curves are shown in Figure 24
and Figure 25. Those results are summarized in Figure 26, where we show the
mechanical work WM as a function of metal/adsorbate adhesion. The mechanical work
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associated with the contact cycle exhibits a minimum with respect to adsorbate/Pt
adhesion. The number of Pt atoms transferred during the contact cycle Nm(Cmax) is
indicative of the amount of plastic deformation (and mechanical work). Examination of
Figure 21 suggests that the minimum in WM as a function of metal/adsorbate adhesion
(Figure 26) is simply a result of the minimum in Nm(Cmax) with respect to the same variable.

Figure 24. The normal force F with respect to H and C for the simulations with different
Pt/adsorbate adhesion (all other variables are as per the reference condition) for
Cmax=16%.

While increases in Pt/adsorbate adhesion lead to stronger Pt-adsorbate bonds, the
number of Pt-Pt bonds remains nearly constant in going from intermediate to strong
Pt/adsorbate adhesion (see Amin(Cmax) vs. metal/adsorbate adhesion in Figure 21). This
implies that more energy (force) is required to separate the surfaces at larger adhesion
(Figure 26). This explains why there is a transition in contact failure morphology in Figure
19 from interfacial decohesion to necking with increasing adhesion.
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Figure 25. The normal force F with respect to H and C for the simulations with different
Pt/adsorbate adhesion (all other variables are as per the reference condition) for
Cmax=56%.

Figure 26. Mechanical work done in the contact process, WM, as a function of
metal/adsorbate adhesion (all other variables are as per the reference condition).
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Taken together, these results show that the asperity can push adsorbate
molecules out of the contact region; however, when the adsorbate/Pt adhesion is strong,
the asperity cannot push away those adsorbate molecules adhered to the Pt (rather, most
of the adsorbate molecules pushed from the contact are in the adsorbate bulk or at its
surface). This resultant increase in adsorbate molecule density in the contact region in the
closed state (C=Cmax) leads to lower Pt/Pt contact area. When the Pt/adsorbate adhesion
is strong, this bonding can make it difficult to pull apart the contact, leading to a transition
in contact opening mode from decohesion to plastic necking of the asperity. These
competing effects lead to a minimum in the work required to open the contact and a
maximum in the morphological stability of the contact (i.e., reliability) with respect to
metal/adsorbate adhesion.

3.5 Effect of Adsorbate Layer Cohesion on Single-Cycle Contact
Finally, we consider the effect of adsorbate layer cohesion on contact behavior (all
other variables fixed under their reference condition). Stronger cohesion implies larger
adsorbate layer viscosity, stiffness and surface energy. We vary the adsorbate cohesion
by changing the van der Waals interaction between non-bond adsorbates from 1.4 to 4.3
kBT (corresponding to works of adhesion of adsorbate from 5% to 16% of that of the metal).
The main results are shown in the Supporting Information (Figure 27-Figure 32). In the
large compression case (Cmax=56%), changing the cohesion has little effect on Amin(Cmax),
Nm(Cmax) or WM(Cmax). For small compression (Cmax=16%), the effect of cohesion is
somewhat larger; increasing cohesion leads to slightly larger Amin(Cmax) and concomitantly
larger Nm(Cmax) and WM(Cmax). Since smaller cohesion of adsorbates implies smaller
adsorbate surface energy and thus leads to more effective adsorbate wetting of the Pt
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substrate before the contact process begins, the Pt/Pt contact area becomes slightly
smaller.

Figure 27. Atomic configurations of the simulation cells at the completion of the
load/unload cycle with (a) weak, and (b) strong adsorbate cohesion for Cmax=16%. All
other variables are as per the reference condition. Adsorbates are not shown to better
visualize the Pt asperity evolution.

Figure 28. Atomic configurations of the simulation cells at the completion of the
load/unload cycle with (a) weak, and (b) strong adsorbate cohesion for Cmax=56%. All
other variables are as per the reference condition. Adsorbates are not shown to better
visualize the Pt asperity evolution.
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Figure 29. The normal force F with respect to H and C for the simulations with different
adsorbate cohesion (all other variables are as per the reference condition) for Cmax=16%.

Figure 30. The normal force F with respect to H and C for the simulations with different
adsorbate cohesion (all other variables are as per the reference condition) for Cmax=56%.

63

Figure 31. Minimum Pt cross-section area at C=Cmax, Amin(Cmax), and the number of Pt
atoms transferred from one surface to the other, Nm(Cmax), as a function of adsorbate
cohesion (all other variables are as per the reference condition).

Figure 32. Work done in the contact process WM(Cmax) as a function of adsorbate
cohesion (all other variables are as per the reference condition).

64

3.6 Discussion
Adsorbates affect the amount of metal/metal contact (and hence the conductance),
the degree to which the asperity changes shape (plastic deformation), the amount of metal
transferred between the metallic contact surfaces, and the amount of energy dissipated in
the contact cycle. We understand these by focusing on the underlying deformation and
contact separation mechanisms.
The predicted contact conductance is simply proportional to the metal/metal
contact area. This contact area, in turn, is affected by how effective the asperity is in
pushing the adsorbates away from the contact region. As the amount of adsorbate
increases, the more difficult it is for the asperity to push the adsorbate out of the contact
(Figure 14 and Figure 15). If the adsorbate/metal adhesion is large, the asperity is only
able to push away all of the adsorbates that are not directly bonded to the metal. Once
the adhesion is large enough to prevent removal of the adsorbate bonded to the interface,
increasing the bond strength further has little effect (Figure 21 and Figure 22).
Adsorbate properties affect the contact separation in two ways: changing the
separation mechanism and changing the metal/adsorbate contact area. At small
adsorbate layer thicknesses and/or large adsorbate/metal adhesion, the contact
separates via plastic deformation of the asperity (i.e., necking) followed by metal-metal
ductile fracture. At large adsorbate layer thicknesses, the contact opens by decohesion at
the initial asperity/substrate interface. The operative separation mechanism is determined
by which of these two mechanisms (necking or decohesion) occurs at the lower stress.
The force required to decohere the asperity from the substrate is proportional to the
contact strength, which is the product of the number of metal-metal bonds (proportional to
Amin) and the metal-metal bond strength, plus the number of metal-adsorbate bonds
(proportional to A-Amin) and the metal-adsorbate bond strength (A is the overall contact
65

area including both metal-metal and metal-adsorbate bonds). We note that plastic
deformation in these nanoscale contacts occurs at a significantly higher yield stress than
in bulk metal, as expected based on earlier observations. 32
Increasing adsorbate layer thickness leads to a monotonic decrease in Amin and
hence the stress required to decohere. At some thickness, the stress required to decohere
drops below the stress required for necking, so there is a transition from necking to
decohesion (see Figure 12 and Figure 13). As the Pt/Pt contact area decreases, fewer
Pt atoms transferred in the necking process until the separation mechanism switches to
decohesion (this is where the number of Pt atoms transferred abruptly goes to zero).
When necking controls separation, increasing the adsorbate layer thickness leads
to larger A (this is the adsorbate lubricant effect), which implies a larger force required to
reach the (constant) yield/necking stress. Hence, in this regime, the mechanical work
increases with increasing adsorbate layer thickness. However, once the adsorbate layer
is sufficiently thick that the separation mechanism switches to decohesion, the mechanical
work required for separation drops rapidly. This explains the maximum in the mechanical
work versus adsorbate layer thickness (see Figure 18).
When the metal/adsorbate adhesion is small, the contact opens via decohesion at
Cmax=16% (Figure 19); here the stress required for decohesion is small compared to that
for yield/necking. The number of Pt transferred and the mechanical work decreases with
further increase in the Pt/adsorbate adhesion simply because the Pt/Pt contact area
decreases. However, at sufficiently large adhesion, the opening mechanism switches to
necking (see above) and both the number of Pt transferred and the mechanical work
increase.
On the other hand, at larger Cmax (56%), Amin is sufficiently large such that the
stress required for decohesion is larger than that for yield/necking. This explains why the
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contact opens by necking at Cmax=56% for all value of the adhesion explored. Yet, there
is still a minimum in both the number of Pt transferred and the mechanical work with
respect to Pt/adsorbate adhesion, because the true contact area A decreases and the
strength of Pt/adsorbate interaction increases with increasing Pt/adsorbate adhesion.

3.7 Summary

In this chapter, we examined the effect of adsorbates on adhesion, plastic
deformation, and contact area (a surrogate for conductivity) via molecular dynamics
simulations of a Pt asperity pushed into contact and then separated from a flat Pt surface
(with and without adsorbates). Even though mechanical forces can push some adsorbates
out of the contact region, increasing adsorbate layer thickness and/or adsorbate/metal
adhesion makes it more difficult for metal asperity/metal surface contact to occur, thereby
lowering contact conductance. The contact separation process involves a competition
between plastic necking in the asperity or decohesion at the asperity/substrate interface.
That which operates at a lower stress dominates. Necking dominates when the
adsorbate/metal adhesion is strong and/or the adsorbate layer thickness is small. In broad
terms, necking implies larger asperity deformation and mechanical work, as compared
with decohesion.
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CHAPTER 4: EFFECT OF ADSORBATE GROWTH ON MULTI-CYCLE CONTACT

In this chapter, we study the effect of the mechano-chemistry accompanying
asperity contact on tribopolymer formation and growth, and its impact on contact behavior,
based on MD simulations of multi-cycle metal/metal contacts where adsorbate layer
thickness and molecule structure are varied.

4.1 Simulation Methods
Most of the simulation details follow that of Section 3.1. However, here we focus
on multiple (ten) contact cycles (rather than one). In each cycle, we decrease H to 1.1 nm
during loading before increasing it again to 3.69 nm upon unloading. This corresponds to
the large displacement deformation employed in Section 3.1 (Cmax=56%). We do not
simulate the small displacement deformation (Cmax=16%) in this chapter. For interactions
between atoms, we set nb=0.054 corresponding to the weak adsorbate cohesion case
and set m-a=0.3 corresponding to the intermediate metal/adsorbate adhesion case in
Section 3.1.
We modified the interaction between bonded “atoms” in this chapter. In Chapter 3,
F
this interaction Vb =VLJ
b +V . Here, we added another energy term Ea to it. This is because

once a new covalent-bond between two non-bonded “atoms” is formed, the interactions
between them will be changed from VLJ
nb to Vb . To incorporate the potential energy change
through this bond-formation process, Ea is added to Vb to ensure its minimum energy
equals to the negative value of carbon-carbon single-bond energy, 346 kJ/mol.1-3 This
corresponds to Ea=9.5
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To analyze the effect of chemical reactions in adsorbate, we compare the
simulations where reactions are and are not allowed during the contact simulations. A new
“covalent” bond between two “atoms” forms if (a) the distance between two “atoms” is less
than r0 and (b) the number of covalent bonds on either “atom” is one. For (a), r0 is set to
be 0.86 which is smaller than the equilibrium distance between two non-bonded “atoms,”
21/6, so that an energy barrier E0 needs to be overcome to form a covalent-bond between
two “atoms.” This r0 corresponds to E0=0.534 eV. The average applied stress required to
overcome this energy barrier is estimated to be ~30 GPa from Johnson-Kendall-Roberts
(JKR) theory.4 This is close to the stress needed to allow a reaction between two
tribopolymers on a Pt surface in ab initio calculations.5 Condition (b) ensure that newlyformed adsorbate molecules are chains or rings.
To understand the effect of adsorbate film thickness and adsorbate chain length
on the contact process during multiple contact cycles, we systematically vary these two
properties. We vary the effective film thickness h (defined in Section 3.1) from h = 0 (no
adsorbate), 0.36 nm (1.4), 0.73 nm (2.9) to 1.09 nm (4.3); i.e., from no adsorbate layer
thickness to a monolayer to several layers. We also vary the number of “atoms” along the
chains La in the range <4,8,12,16> at fixed total number of “atoms.”
As in Chapter 3, we track several key properties that are important for
understanding contact behavior during all 10 contact cycles; i.e., the maximum Pt/Pt
contact area, number of Pt atoms transferred from one surface to the other, and the
mechanical work expended.
As discussed above, the key feature of NEMS switches is the change in electrical
conductivity between the open and closed states, and the electrical conductance Gs is
proportional to the Pt/Pt contact area, APt/Pt. During loading in each cycle, APt/Pt is
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calculated following these steps: at the beginning of each cycle, Pt atoms are either in the
upper region (colored as blue in Figure 3) or the lower region (red); Then at every 100,000
timesteps during loading, we find each red-blue atom pair where the distance between
these two atoms is smaller than a threshold rt, calculate the number of such pairs and
multiply it by the area per Pt-Pt bond (i.e., the area of any face of the Voronoi cell in a Pt
face-centered-cubic lattice6) to get the Pt/Pt contact area. We choose rt to be midway
between the 1st- and 2nd-nearest-neighbor distances in FCC Pt. As illustrated in Figure 33,
there are several red-blue atom pairs across the Pt/Pt contact interface, which contribute
to APt/Pt. Given the importance of conductance, we focus on its maximum value (i.e., at the
largest compressive displacement in each cycle). Since Gs is proportional to APt/Pt (directly
measureable), we focus on APt/Pt at the largest compressive displacement Amax as a
surrogate for maximum Gs. To eliminate the effects of statistical variations, we average
Amax over 3 simulations with different initial adsorbate configurations.

Figure 33. View of the center of the contact region in a cross-section perpendicular to
the Pt substrate surface at the end of loading in the first cycle (corresponding to Figure
8(c)), with the adsorbate layers not shown to better visualize the Pt/Pt contact. h=0.36
nm, La=4 (i.e., 4-“atom”) chains without reactions. The red and blue spheres both
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represent Pt atoms, which are colored differently to emphasize upper or lower surfaces.
The grey spheres represent adsorbate “atoms.”

Another key characterization is the degree to which the atomic morphology
changes during one contact cycle. The number of metal atoms transferred from one
surface to the opposite, Nm, serves as a surrogate for morphology change; again, we
average this quantity over 3 simulations. We also monitor the amount of mechanical
energy expended through each contact cycle (i.e., the irreversible mechanical work WM
done in a cycle). This is the integral of the force with respect to displacement through the
cycle (i.e., the area enclosed by each curve of the same color in Figure 34). Lastly, to
understand how many reactions take place when they are allowed in simulations, we track
the number of new “covalent” bonds formed in each cycle, NB.

Figure 34. The force F vs. separation H curves for 10 contact cycles for a simulation with
h=0.36 nm, no reactions are permitted and La=4. The force F is in the direction parallel to
the loading (the z-direction in Figure 3); F>0 implies compression. The force-displacement
curves are drawn with data averaged over 0.01 nm. The first cycle data are consistent with
what is discussed in Section 3.2.
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4.2 Effect of Adsorbate Layer on Multi-Cycle Contact
We first study the effect of adsorbate layer thickness on contact properties for 10
contact cycles in the absence of reactions between chains. In Section 3.3, we analyzed
the thickness effect for one contact cycle. We found that increasing adsorbate layer
thickness decreases Pt/Pt contact area and the number of Pt atoms transferred, and there
is a maximum in mechanical work with respect to adsorbate layer thickness. Figure 35
shows the system morphology at the end of the 2nd, 5th, 7th and 10th cycles for a simulation
with h=0.36 nm, no reactions are permitted and L=4 (as in Figure 34).

Figure 35. The atomic configuration at the end of the (a) 2nd, (b) 5th, (c) 7th and (d) 10th
cycles. The conditions are the same as Figure 34 (h=0.36 nm, no reactions, L=4).

At the end of the 1st cycle (Figure 8(e)), there are asperities on both Pt surfaces,
as a result of necking during unloading and material transfer. Such a morphology remains
at the end of Cycle 2 (Figure 35(a)), but the asperities become flattened and widened
towards Cycle 5 (Figure 35(b)). The overall morphology stabilizes (with small variations)
during subsequent cycles (see Figure 35 (c) and (d)). This suggests that a dynamic
steady-state morphology is achieved. Similar trends can be seen in the force75

displacement curves in Figure 34. (The characteristics of the Cycle 1 curve were
discussed in Section 3.2.) Beyond the 1st cycle, the area enclosed within each cycle curve
(same color) initially decreases with further cycling and then saturates at a steady-state;
consistent with the morphology evolution (Figure 35). This implies that the mechanical
work also decreases and becomes stable with increasing cycles. The same trends are
observed in our simulations under different conditions. We will return to this observation
of a steady-state below.
To understand the effect of adsorbate layer thickness on contact beyond the 1 st
cycle, we calculated the maximum Pt/Pt contact area Amax, number of metal atoms
transferred from one surface to the opposite Nm, and mechanical work WM after each cycle,
as shown in Figure 36-Figure 38. In this section, we focus on the effects of layer thickness
in the absence of reactions (dashed curves in Figure 36-Figure 38). Figure 36-Figure 38
show that the system goes from a transient state in the first few cycles to a steady-state
in subsequent cycles as characterized by Amax, Nm and WM; consistent with the morphology
changes seen in Figure 35. Figure 36-Figure 38 also shows that increasing adsorbate
layer thickness leads to decreasing the steady-state values of Amax, Nm and WM. The
steady-state values (from Cycles 7-10 in 3 simulations) of Amax, Nm and WM. are tabulated
in Table 3.
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Figure 36. Maximum Pt/Pt contact area in each cycle Amax as a function of cycle number
Nc, averaged over 3 simulations.

With increasing adsorbate layer thickness, the maximum Pt/Pt contact area
Amax decreases. This is observed in a single cycle in Section 3.3 and in multiple cycles
in this section. As explained in Section 3.3, an asperity can push some adsorbate
chains out of the contact region during loading, because of the shear produced near
the periphery of the contact (although some chains remain trapped in the contact
region). It is the adsorbate chains which are trapped in the contact region that prevent
metal-metal contact. With increasing adsorbate layer thickness, the shear can be
relaxed close to the substrate. Hence, this adsorbate expulsion process cannot
remove sufficient adsorbate chains to allow metal-metal contact. This results in lower
conductance Gs. Of particular note is that for sufficiently thick adsorbate layers (1.09
nm), the steady-state value Amax decreases to 0. Since the electrical conductance Gs
is proportional to Amax, this indicates that for thick adsorbate layers, no electrical
current passes through the contact (i.e., a NEMS switch would fail at this point).

77

Figure 37. Number of metal atoms transferred from one surface to the opposite Nm as a
function of cycle number Nc, averaged over 3 simulations.

Figure 38. Mechanical work WM as a function of cycle number Nc, averaged over 3
simulations.

Table 3. Asymptotic Values of Amax, Nm and WM (averaged over data from Cycles 7-10).
Adsorbate
Layer
Thickness

Maximum Pt/Pt
Contact Area, Amax
(nm2)

Number of Pt Atoms
Transferred, Nm
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Mechanical Work, WM
(eV)

Reactions

No
Reactions

Reactions

No
Reactions

Reactions

No
Reactions

0

N/A

8.7

N/A

180

N/A

600

0.36 nm

5.6

5.5

120

100

600

540

0.73 nm

1.3

0.7

14

5

340

170

1.09 nm

0

0

0

0

180

130

The number of metal atoms transferred from one surface to the other Nm is largely
controlled by Amax (as discussed in Section 3.3). Hence, Nm also substantially decreases
with increasing layer thickness h (in steady-state). In this sense, increasing layer thickness
also increases the stability of the asperity morphology and thus increases system
reliability. The decrease in Nm as a result of increasing h also leads to less Pt deformation
and thus less mechanical work WM. This illustrates that thicker adsorbate layers make the
contact more energy efficient in steady-state. Interestingly, when h=1.09 nm, Nm=0 but
WM0. This is because there is still adsorbate flow during the cycle (even with little Pt
deformation and no Pt atoms transfer between surfaces). Since the adsorbate viscosity is
low, the steady-state mechanical work WM(h=1.09 nm) = 130 eV is much smaller than the
mechanical work in the absence of adsorbates WM(h=0) = 600 eV. Hence, the mechanical
work that is dissipated by metal plasticity far exceeds that which can be dissipated by
adsorbate flow/deformation.
In general, when reactions do not occur, the contact undergoes an initial transient
behavior but then settles into a steady-state with increasing contact cycles. This is
manifested both in the contact morphology as well as in the parameters that characterize
the contact (e.g., the maximum Pt/Pt contact area) and the contact cycle (number of metal
atoms transferred and mechanical work). Perhaps most importantly, is that with increasing
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adsorbate layer thickness, the steady-state electrical conductivity decreases, while the
system becomes increasingly (mechanically) efficient and reliable. The former is
attributable to increasing separation between the metal surfaces and the latter due to the
polymers ability to lubricate the contact.

4.3 Effect of Adsorbate/Adsorbate Reactions on Multi-Cycle Contact
We now examine the effect of reactions between adsorbate molecules by
comparing the 10-cycle contact simulations where reactions can take place to those where
it cannot, at the same adsorbate layer thicknesses.
In terms of morphology evolution, the effect of reaction is subtle; the most obvious
difference is that when reactions occur some adsorbate chains span the two contact
surfaces upon unloading (see Figure 39). This is simply the result of the formation of
chains of sufficient length to span the open contact.
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Figure 39. The atomic configuration of the system following unloading at Cycle 1 for an
adsorbate film of thickness h=1.09 nm in a simulation with reactions. The covalent bonds
are shown in purple, the metal atoms in blue or red and the adsorbate “atoms” in gray.

We quantify how many reactions take place by plotting the number of new bonds
formed in each cycle, NB, as a function of the cycle number (see Figure 40). Initially, the
number of new bonds formed is large, but this number decreases rapidly with additional
cycling. The number of new bonds that form increases with adsorbate layer thickness.
There are two factors contributing to this trend. As the adsorbate layer thickness
increases, more chains are available to form new bonds (bonding only occurs at chain
ends). At the same time, because the minimum displacement H in each cycle is the same
regardless of layer thickness, a thicker adsorbate will be more highly strained and thus the
stresses in the contact region will be higher and make reactions more likely. As a result of
these two factors, more reactions take place in each cycle when the adsorbate layer is
thicker. As discussed above, the maximum force F (in z-direction in Figure 3) in each
cycle Fmax is a surrogate for the maximum stress in the system. Figure 41 shows that (1)
Fmax for the thinnest adsorbate layer (0.36 nm) is much smaller than that for the thicker
layers, and (2) Fmax for the 0.73 nm and the 1.09 nm thick adsorbate layers are similar.
This suggests that the number of available chains to form new bonds plays a more
important role in the number of reactions that will occur than the magnitude of the stress
within the layer. As more and more contact cycles occur, fewer chains are available to
form new bonds; each bond formation event decreases the number of chain-ends
available for bonding by two (each “atom” can have at most 2 covalent bonds). This implies
an exponential decrease in the number of reactions that will occur with increasing cycles.
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Figure 40. Number of covalent bonds formed in each cycle NB as a function of the cycle
number, averaged over 3 simulations.

Figure 41. Maximum force F in each cycle Fmax, as a function of the cycle number,
averaged over 3 simulations.

It is interesting to inquire whether the properties of the adsorbate layer change as
the average chain length increases during cycling. Since reactions between all chains do
not occur at the same time, there will be a distribution of different chain lengths within the
adsorbate layer. Not surprisingly, longer chains appear with greater frequency within the
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contact region than far away from it. We calculated the fraction P of each chain length
among all adsorbates in the contact region, by dividing the total number of “atoms” in all
chains of a particular length La by the total number of adsorbate “atoms” in the contact
region, at the end of loading in each cycle. (The contact region radius is set to be 2.5 nm
based on our observations of adsorbate morphologies - see Figure 42.) This percentage
at the end of each cycle is shown in Figure 43-Figure 45 for the 0.36 nm, 0.73 nm and
1.09 nm thick adsorbate film. We note that some ring molecules are also formed, but their
frequency is very much smaller than the chains of the same length.

Figure 42. Atomic configurations of the adsorbate layer for (a), (d) h = 0.36 nm, (b), (e) h
= 0.73 nm, and (c), (f) h = 1.09 nm. (a), (b) and (c) correspond to the end of loading in
Cycle 1, and (d), (e) and (f) correspond to the end of loading in Cycle 5. Reactions between
adsorbate molecules may occur. The grey “atoms” are the adsorbate “atoms” that have
not formed new bonds since the beginning of the simulation, while the green “atoms” have
formed a new bond (each “atom” can form at most one new bond). The purple lines
between “atoms” are covalent bonds. The orange circles signify the contact region, in
which percentage of each molecule type was calculated and plotted in Figure 43-Figure
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45. It can be seen that most green “atoms” are in the orange circles. All images are views
perpendicular to the substrate (Pt atoms not shown).

Figure 43. Fraction of “atoms” P(La) in La= 4, 8, 12, 16 molecules in the contact region at
the end of loading in each cycle. These data are for h = 0.36 nm and are averaged over 3
simulations.
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Figure 44. Fraction of “atoms” P(La) in La= 4, 8, 12, … molecules in the contact region at
the end of loading in each cycle. These data are for h = 0.73 nm and are averaged over 3
simulations.

Figure 45. Fraction of “atoms” P(La) in La= 4, 8, 12, … molecules in the contact region at
the end of loading in each cycle. These data are for h = 1.09 nm and are averaged over 3
simulations.

Figure 43-Figure 45 shows that the most prevalent type of adsorbate chain is the
one with La=4; this is simply the result that all simulations begin with only La=4 chains.
However, with increasing contact cycles, the fraction of chains with La=4 decreases, while
the fractions of chains of greater length increase. This is because reactions between La=4
chains necessarily decrease their number while increasing the number of the longer
chains. While we observe chains of up to La=60, the La= 8, 12 and 16 chains predominate.
Next, we inquire how reactions impact contact properties. Similar to the cases
where there are no reactions, when reactions can take place the system exhibits transient
behavior over the first few cycles than appears to settle into a steady-state based upon
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the observed asymptotic behavior of Amax, Nm and WM (Figure 36-Figure 38). This is
consistent with the observed morphology changes upon cycling when reactions occur.
From Figure 36-Figure 38 and the asymptotic values in Table 3 with and without
reactions, we find that the asymptotic magnitudes of Amax, Nm and WM in the presence of
reactions are higher than in their absence. This difference is the largest for the 0.73 nm
thick adsorbate film.

4.4 Discussion
As discussed in Section 4.3, reactions between adsorbate chains result in a mix of
chains of different lengths in the contact region. These reactions affect all measured
properties, including the maximum Pt/Pt contact area in each cycle Amax. To understand
how chains of different chain lengths affect Amax, we conduct additional MD simulations in
homogenous films of different, fixed chain length La (without reactions).
Most simulation settings are the same as these described in Section 4.1. The
adsorbate film thickness h=0.73 nm (this thickness was chosen since Amax shows the
largest difference between simulations with and without reactions at this thickness). We
examine chains of fixed La (at constant total number of “atoms” in the system) in separate
simulations (i.e., La = 4, 8, 12, 16), since these chain lengths are most prevalent after
reactions - see Figure 44). No reactions are allowed in these simulations such that La
remains fixed and the adsorbate films remain homogeneous. Each of these fixed La
simulations was repeated three times with different initial (equilibrated) adsorbate
configurations. The variation of the Pt/Pt contact area, Amax, with cycle number is shown
in Figure 46 and its steady-state value with chain length La in Figure 47. Although the
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data in Figure 47 is somewhat noisy, we perform a linear fit: Amax(La) = c0 + c1La, where
the best fit values are c0 = 0.56 nm 2, c1 = 0.051 nm 2, and the coefficient of determination
R2=0.8 (recall that La is the chain length in units of number of “atoms”).

Figure 46. Maximum Pt/Pt contact area in each cycle Amax as a function of cycle number
(data is averaged over 3 simulations).

Figure 47. The steady-state value of the maximum Pt/Pt contact area in each cycle Amax
as a function of chain length La, averaged over 3 simulations. The red line is the fit to the
data.
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Figure 48 shows that adsorbate layers composed of longer chains (at fixed total
number of “atoms”) less effectively cover the Pt surface; i.e., there is more void space on
the Pt surface for longer chains. Since the regions of the Pt surface not protected by
adsorbate can bond with Pt on the opposite surface, the increase in void space with
increasing La leads to increasing Pt/Pt contact area Amax. We calculate the void space area
Avoid by analyzing the atomic configurations (e.g., Figure 48) via a Monte-Carlo method
(see below); Figure 49 shows Amax vs. Avoid. These results show that Amax is an increasing
(approximately linear) function of Avoid.

Figure 48. Atomic configurations of the adsorbate layer with (a) La=4, (b) La=8, (c)
La=12, and (d) La=16 chains, at the end of loading in Cycle 10. Reactions between
adsorbate chains are not allowed to take place. All images are views perpendicular to
the substrate (Pt atoms not shown). Adsorbate “atom” radii are set to 0.2 nm in this
visualization of the void space.
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Figure 49. Maximum Pt/Pt contact area in each cycle Amax as a function of the area of
the void space Avoid, at the end of loading from Cycle 2-10.

We calculated the area of the void space, Avoid, using the following method. We
start with the coordinates (xi,yi,zi) of all of the adsorbate “atoms” from the MD simulation
and project these onto the (x-y) plane. Next, we assign a radius rA=0.2 nm to each atom.
Then, we generate a large number of random xk,yk coordinates within the (x,y) plane of
the simulation cell. We count the fraction Pvoid of these random xk,yk coordinates which are
not within rA of any of the xi,yi projected positions of the adsorbate atoms (i.e., counting
these falling within void space). Multiplying Pvoid by the cross-section area of the (x-y)
simulation cell plane gives the void space area Avoid.
We can understand the increasing void space with increasing La as follows. The
radius of gyration Rg of a random walk linear chain increases with chain length in
proportion to L1/2
a . Since the total number of “atoms” in the system is fixed (independent of
La), we focus on the radius of gyration divided by chain length, Rg/La~ L-1/2
a . Hence, the
area of the surface covered by the adsorbate decreases with increasing chain length.
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While the viscosity of a molecular film is expected to increase with increasing chain length,
we do not observe a significant change in the total number of “atoms” pushed out of the
contact region during contact (see Table 4).
Based on these results, we estimate the effective Pt/Pt contact area AE in the
presence of a distribution of adsorbate chain lengths as

AE = ∑𝐿a [Amax (𝐿a )×P(𝐿a)],

(4)

where Amax(La) is the maximum Pt/Pt contact area in a system in which the adsorbate
chain length is uniformly La and P(La) is the fraction of “atoms” in chains of length La in the
contact region in the system where reactions occur. We obtain Amax(La) from our linear fit
to the data in Figure 47 and P(La) at the end of loading in Cycle 10 for the 0.73 nm thick
adsorbate layer in Figure 44. Using these data and Eq. (4), we predict that introducing
reactions between adsorbate chains, after 10 cycles, Amax increases by nearly a factor of
two (from 0.60 nm 2 when no reactions occur to 1.13 nm 2 when reactions may occur). On
the other hand, directly performing the simulations with reactions (as per Section 4.3)
leads to a similar increase (110%) in the Pt/Pt contact area Amax at cycle 10. More
specifically, using Eq. (4) we estimate an 88% increase in the effective contact area while
the simulations with reactions show a 110% in contact area. Given the noise in the data
and the quality of the linear fits (Figure 47 and Figure 49), this is excellent agreement.

Table 4. Number of adsorbate “atoms” in the contact region at different molecule chain
length Na.
Chain Length
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La=4
Simulation

La=8

Error!1

1

2

3

1

635

674

611

640

2

660

669

647

3

688

693

4

679

5

La=12

Error!1

2

3

590

600

572

587

659

675

667

622

634

672

656

683

711

674

688

646

689

697

679

688

6

696

685

687

7

691

691

8

691

9
10

La=16

Error!1

2

3

617

571

554

581

655

620

667

682

646

662

652

687

705

644

665

653

652

692

661

668

689

650

690

651

701

694

663

716

689

700

693

645

699

702

699

700

689

696

699

695

Error!

2

3

606

564

582

584

656

690

670

651

670

679

673

626

697

636

653

671

675

666

662

687

647

665

669

689

666

675

675

696

658

676

664

662

693

669

675

659

679

653

664

670

683

694

696

676

689

671

677

631

660

707

650

667

664

670

652

662

651

682

647

660

655

699

659

671

666

674

636

659

645

674

652

657

656

689

662

669

681

690

668

680

662

696

648

669

Nc

The simple model presented here provides insight into the effects of adsorbate
reactions on Pt/Pt contact area during cyclic asperity contact. In short, reactions lead to
the formation of longer chains which create more void space on the contact surface,
allowing for more Pt/Pt contact (and hence mechanical work and material transferred
between contact surfaces). This approach also provides insight for modeling chemical
effects (adsorption from the gas, reaction between the gas and a growing tribopolymer)
on contact performance for more cycles or under conditions not accessible to molecular
dynamics simulations.
We now consider the effects of different types of reactions on cyclic contact
behavior. We focus on three classes of reactions: (a) the reaction of molecules from the
gas M(g) with the bare Pt surface to form adsorbates M(a) , Eq. (5a), (b) the reaction of
molecules from the gas with the adsorbates on the Pt surface to form more adsorbates,
Eq. (5b), and (c) the reactions of adsorbate chains of length m, M(a)m , and adsorbate
chains of length n, M(a)n , to form adsorbates of length m+n, M(a)m+n , Eq. (5c):
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kPt-g

M(g) +Pt →

M(a)

ka-g

M(g) +M(a) → 2M(a)
ka-a

M(a)m +M(a)n → M(a)m+n .

(5a)
(5b)
(5c)

The reaction rate constants for each of these reactions, kPt-g, ka-g and ka-a may be described
by an Arrhenius relation7: k=Ae-Ea /RT , where A is a pre-exponential factor constant, Ea is
the activation energy for the reaction, R is the ideal gas constant, and T is the absolute
temperature. The intrinsic activation energy for a reaction is defined for the unstressed
system. In the presence of a stress  (tensor), the intrinsic reaction rate constant is
modified by a mechanical work factor e-/RT, where  is an atomic volume and  is the
activation strain (classically, if the stress state is purely hydrostatic,  is simply V/ - the
volume change per atom). This implies that during mechanical contact, the stress will shift
the reaction rate. Increasing electrical current density can shift the reaction by changing
the temperature (Joule heating), modifying the underlying reactions themselves (e.g.,
electrical breakdown), polarization of the reactants, and/or by affecting the electron
transfer rate in the reaction.8
Figure 50 shows several schematics indicating the effects of modifying reaction
constants on contact behavior. As illustrated in Figure 50(a), an increase in adsorbate
layer thickness (corresponding to an increase in the number of adsorbate “atoms” N) will
lead to a decrease in the Pt/Pt contact area Amax (as discussed in Section 4.2). While
reactions between adsorbate chains do not increase N, they increase the maximum Pt/Pt
contact area Amax, as discussed in Section 4.3. Therefore, the reaction rate constant ka-a
changes the shape of the curve (see Figure 50(a)). Assuming a constant cycle rate,
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increasing the number of cycles implies more adsorption from the gas. The schematic in
Figure 50(b) assumes that adsorption occurs more readily on the Pt surface then on the
adsorbate film. The larger the reactions rates between the molecules in the gas and the
surface, ka-g and kPt-g, the more quickly the adsorbate coverage/layer thickness N grows
with cycle number.
As discussed above, the maximum Pt-Pt contact area Amax decreases with
increasing number of adsorbates (adsorbate layer thickness), Figure 50(b) implies that
the Pt/Pt contact area Amax decreases with cycle number, as illustrated in the schematics
in Figure 50 (c), (d) and (e). Figure 50 (d) and (e) show that increasing the rate constants
for Pt-gas reactions kPt-g and adsorbate-gas reactions ka-g all push the maximum Pt-Pt
contact area curves towards fewer number of cycles. Lowering the reaction rates with the
gas will lead to longer contact lifetimes (sufficient Pt-Pt contact to maintain electrical
conductivity) but not to immortal contacts.
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Figure 50. Schematic plots of the (a) maximum Pt/Pt contact area Amax vs. number of
adsorbate “atoms” in the contact system N, (b) number of adsorbate “atoms” N vs. cycle
number Nc, and (c), (d) and (e) maximum Pt/Pt contact area Amax vs. cycle number Nc.

Increasing the adsorbate-adsorbate reaction rate constant (e.g., by changing
chemistry) leads to larger Pt/Pt contact area Amax at fixed cycle number since longer
adsorbate chains are less effective at covering the Pt surface (see Figure 50(c)), as
discussed above. Increasing the force that closes the contact increases the stress in the
contact region, leading to more reactions, longer chains and more metal-metal contact.
Additionally, plastic deformation of an adsorbate-coated contact will broaden the
asperities and further increase the contact lifetime.
Overall, in multi-cycle metal/metal contact in the presence of molecular species in
the gas that adsorb on the surface, it is inevitable that the metal/metal contact area (and
hence conductance) will drop with increasing cycles. On the other hand, the rate at which
this occurs can be affected through modifying the chemical reactions, changing the active
gas phase species, and/or increasing the applied load. The advantage of such changes
is that they could delay the conductance drop to a sufficient degree that other failure
mechanisms (with other solutions) may become NEMS switch life-limiting.

4.5 Summary
In this chapter, we examined the effect of adsorbates reactions on multi-cycle
contacts via molecular dynamics simulations; primarily focusing on metal/metal contact
area, asperity morphology, and plastic deformation. As the number of contact cycles
increase, the system settles into a steady-state where the morphologies, Pt/Pt contact
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area, amount of Pt transfer between opposing surfaces and deformation rate stabilize.
The stress generated during asperity contact increases the rate of reactions amongst the
adsorbates in the contact region. This leads to an increase in the size of the adsorbate
molecules. Larger adsorbate molecules are less effective in covering the asperity surfaces
than short molecules at the same total number of adsorbed “atoms.” Examination of the
contact surfaces shows that more reactions leads to more exposed metal. More exposed
metal implies higher electrical conductance in the closed contact, but more plastic
deformation, more metal-metal transfer, and more mechanical work expended in each
contact cycle. This implies that mechano-chemistry is particularly important in the
formation of/structure of tribopolymers formed in multi-cycle contacts such as in NEMS
switches.
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS

5.1 Conclusions
In this dissertation, we first examined the effect of adsorbates on adhesion, plastic
deformation, and contact area (as a surrogate for conductivity) via molecular dynamics
simulations of a Pt asperity pushed into contact and then separated from a flat Pt surface
(with and without adsorbates) in a single cycle. Even though mechanical forces can push
some adsorbates out of the contact region, increasing adsorbate layer thickness or
adsorbate/metal adhesion makes it more difficult for metal/metal contact to occur, thereby
lowering electrical conductance. The contact separation process involves a competition
between plastic necking and decohesion. That which operates at a lower stress dominates.
Necking dominates when the adhesion between adsorbate and metal is strong and/or the
adsorbate layer thickness is small. In broad terms, necking implies larger asperity
deformation and mechanical work, compared with decohesion.
We consider how these results may influence NEMS switch design. Optimal
performance requires balancing switch reliability, energy efficiency, and conductance. For
reliability, the ideal situation is one in which the asperity evolves as little as possible during
operation. Surprisingly, our results suggest that some level of adsorbate on the contact
surface is desirable and that there is a “sweet spot” in terms of adsorbate/metal adhesion
to minimize asperity evolution (maximize reliability). On the other hand, too much
adsorbate can lead to low metal/metal contact area, which will prevent switch operation
assuming that the adsorbate is insulating. Hence, this asperity-level study suggests that
adsorbate formation can improve switch performance, provided that its growth is limited.
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This study focused on single asperity contacts for adsorbates that do not evolve during
NEMS device operation. To make design decisions, these results must be linked to
analyses of mechanochemistry effects (namely, the rate of growth and composition of the
adsorbate film from the species in the atmosphere) and the overall mechanics of the entire
device (e.g., loading conditions, multiple asperity contacts, etc…). The results provide
fundamental descriptors that can aid in the rational design of NEMS switches, including
the selection of materials and environments for optimal operation.
As a result, we examined the effect of adsorbates reactions on multi-cycle contacts
via molecular dynamics simulations. As the number of contact cycles increase, the system
settled into a steady state where the morphologies, Pt/Pt contact area, amount of Pt
transfer between opposing surfaces and deformation rate stabilized. The stress generated
during asperity contact increased the rate of reactions amongst the adsorbates in the
contact region. This led to an increase in the adsorbate molecules’ size. Larger adsorbate
molecules were less effective in covering the asperity surfaces than smaller molecules at
the same total number of adsorbed “atoms.” Examination of the contact surfaces showed
that more reactions led to more exposed metal. More exposed metal implied higher
electrical conductance in the closed contact, but more plastic deformation, more metal
transfer, and more mechanical work expended in each contact cycle. This implied that
mechano-chemistry was particularly important in the formation/structure of tribopolymers
in multi-cycle contacts such as in NEMS contact switches.
The evolution of asperity contacts in environments containing gaseous species
that form tribopolymers is controlled by device operation conditions (contact
forces/displacements), the composition of the gas, and the fundamental reaction rates that
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describe adsorption of species from the gas onto the metal and adsorbate surfaces and
the reactions between adsorbates on the surface. We provide schematic illustrations of
how each of these affect the evolution of metal/metal contact as a function of contact cycle
number. This provides guidance for thinking about the complex interactions that control
the long-term performance of NEMS devices.

5.2 Future Directions
Future works can be focused on varying adsorbate polymer type, reaction type and
contact materials in MD simulations and developing kinetic models to predict contact
behavior after millions of cycles.
In our study, an oligomer model was used for adsorbate polymer. In future MD
simulations, more realistic polymer models can be put in the contact system to provide
further understanding of how these polymers evolve under contact and how this affects
the contact properties. Advancement in the research on the composition and structure of
tribopolymer through experiments and ab initio calculations can aid in the determination
of such polymer models.
In Chapter 4, we introduced reactions between adsorbate molecules into our
simulations where a covalent bond can form if (a) the distance between two “atoms” is
less than a specific value and (b) the number of covalent bonds on either “atom” is one.
As a result, only chain and ring molecules can be formed and no covalent bond breaking
is involved in the simulations. Future studies can modify these reaction conditions and
allow more complex adsorbate structure to form and evolve.
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We only use Pt as the contact materials in this study, while there are many other
materials used in NEMS contact switches and other contact systems recently. Performing
studies with these materials can also inspire new insights into the effect of tribopolymer
on different contact systems.
Beyond molecular dynamics simulations, one can also develop a kinetic model to
predict contact properties beyond millions of cycles of contacts. Based on the
understanding of contact evolution with the presence of tribopolymer, the model can be
built to transform the input of contact properties at a specific cycle to an output of contact
properties at a future cycle to leap through the limitation of time scale in atomistic
simulations and provide a more accurate guidance on future NEMS contact switches’
design.
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